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Abstract
Treatment of municipal and rural wastewater with subsurface flow 
constructed wetlands (Spew’s) is growing in popularity. These systems often 
consist of an excavated cell containing 2 - 3 in. rock with the wastewater level 
maintained below the media surface. A SFCW is a natural form of wastewater 
treatment which removes organics and nutrients based on the attached growth 
of microorganisms on crushed rocks where biological reactions take place.
The currently accepted design procedure is based on the first order plug 
flow model, although tracer studies have shown that flow conditions are not well 
represented by the plug flow condition. This design rationale has led to the 
construction of several SFCWs with high aspect ratios (L:W) to ensure plug 
flow. However, many of these systems have experienced water surfacing and 
channeling failure due to increased hydraulic resistance in a long narrow cell.
To overcome this problem, new systems and modified older systems are now 
constructed with lower aspect ratios resulting in a decreased resistance to flow, 
preventing the wastewater from surfacing or channeling. However, lowering 
the aspect ratio results in an increase in dispersion which is neglected in the 
plug flow model. Therefore, plug flow is not ensured and alternative models 
such as a solution to the connective-dispersive equation describing the partially 
mixed flow condition should be considered. However, few tracer studies have 
been performed in SFCWs, and few estimates of the dispersion parameter are 
available in the literature. Therefore, the focus of this research was to develop
xi
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a relationship between the longitudinal dispersion number and the interstitial 
velocity as a function of the system’s aspect ratio and flow rate. The procedure 
involved designing and constructing a bench-scale SFCW model, and 
determining dispersion numbers for varying aspect ratio and flow rate 
arrangements by performing tracer studies in the bench-scale model. Results 
indicated that as aspect ratio decreases, dispersion number increases and as 
flow rate increases, dispersion number increases. Also, the dispersion number 
decreases exponentially with increasing hydraulic residence time when 
considering aspect ratios from 6:1 to 2:1. The range of dispersion numbers 
found in this study were from 0.107 to 0.345.
xii
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1.0 Introduction
1.1 General
The escalating cost of conventional wastewater treatment has led to the 
search for cost effective, environmentally sound alternatives requiring less 
electrical energy and less labor for operation (USEPA, 1988). The potential of 
the constructed wetland environment as a unit for treating wastewater has been 
recognized for some time. It is effective in treating wastewater because it 
supports a diverse population of bacteria that are important in the removal of 
BOD5, and offers quiescent conditions for sedimentation, adsorption, filtration, 
and ion exchange (USEPA, 1988).
According to the US Army Corps of Engineers, wetlands are defined as 
“areas inundated and saturated by surface water and groundwater at a 
frequency and duration sufficient to support a prevalence of vegetation typically 
adapted to life in saturated soil for more than seven consecutive days during 
the growing season.” A “constructed wetland" is defined as a wetland 
specifically constructed for the purpose of pollution control and waste 
management, at a location other than existing natural wetlands (USEPA, 1988). 
There are two common types of constructed wetlands in use: the free 
water surface type and the subsurface flow type. The free water surface 
constructed wetland has a soil bottom, emergent vegetation, and an 
exposed water surface. The water level of a subsurface flow constructed 
wetland is maintained just below the surface of the media of which it is
1
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built. The media may be rock, gravel, or sand and may be planted with 
emergent vegetation. Subsurface flow systems are more commonly used 
for wastewater treatment because of the rapid use of the concept, and 
since the flow is kept below the media surface, odors are controlled and 
insect vectors are eliminated, public access is permitted, and the media 
provides a large amount of surface area for microbial activity allowing for 
smaller sizing of the subsurface flow wetland (Reed and Brown, 1 992).
Design of subsurface flow constructed wetlands (SFCWs) is based on 
an attached growth wastewater treatment process where biological reactions 
take place. It is commonly assumed that the SFCWs performance can be 
described with a first order plug flow design model (Reed, 1995, Conley, 1991, 
Watson, 1990, Crites, 1994) that is solely dependent on the system’s hydraulic 
residence time and BOD decay reaction rate, which is dependent upon water 
temperature expressed mathematically by the Arrhenius equation (Sawyer, et. 
a l., 1994). However, the actual flow regime lies somewhere between plug flow 
and completely mixed flow.
1.2 Problem Definition
In the United States, many SFCWs do not maintain the water level 
below the surface of the media. This problem, referred to as “surfacing” or 
“overflowing” is likely due to clogging of the media or improper hydraulic design 
(Kadlec, 1995). Another problem that may develop is “channeling” in which 
preferred flow channels are developed, leading to the inefficient use of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
entire system. Many of the systems that were constructed when this treatment 
technology was in its infancy were designed with a high aspect ratio (L:W) to 
ensure plug flow (Reed, 1995). However, a high aspect ratio causes an 
increased frictional resistance to flow leading to an inadequate hydraulic 
gradient. This frictional resistance is a result of the media surface, 
accumulating solids, and plant roots and debris. As the frictional resistance 
that must be overcome increases, the hydraulic head which supplies the energy 
to move the water through the system must be increased. Today, the generally 
accepted practice is to select an aspect ratio from 0.4:1 up to 3:1 (USEPA, 
1993). As the acceptable design of the system is transposed from a long, 
narrow channel (high aspect ratio) to a short, wide channel (low aspect ratio), 
the interstitial velocity decreases which helps prevent the wastewater, limited 
by resistance to flow, from surfacing or channeling. However, this decrease in 
interstitial velocity may cause an increase in dispersion which is neglected in 
the plug flow model. One reason larger aspect ratios were used in earlier 
designs is because of the simplicity and familiarity of plug flow reactors. Many 
of the existing systems were designed with an aspect ratio greater than 10:1 to 
ensure plug flow (Reed, 1995, Conley, 1991, Watson, 1990, etc.). Since lower 
aspect ratios are now recommended, it is likely that the plug flow model no 
longer adequately describes the system performance; therefore, alternative 
models should be considered. However, the alternative models require a value 
for the dispersion which is not available in the literature.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.3 Research Objectives
Since SFCWs are now commonly designed with low aspect ratios, plug 
flow is not ensured; therefore, alternative models which more accurately 
describe the flow should be considered. However, to solve the alternative 
models, a value for dispersion is required. The fundamental variables affecting 
the dispersion number are the interstitial velocity, which is dependent upon flow 
rate, porosity, and cross-sectional area, and the pore geometry, which is 
dependent on the media characteristics such as the average grain diameter 
and permeability. In addition to these fundamental variables, the dispersion 
number will also fluctuate with a series of uncontrollable variables specific to a 
particular SFCW situation. For example, differences in plant root growth and 
die off, change in hydraulic conductivity with time, inconsistencies in 
construction, unsteady-state flow, and animal habitation are all parameters 
which cause uncertainty in the dispersion number.
Nonetheless, if new advances are to be made in the design of SFCWs, 
an estimate of dispersion will be required in order to model the system more 
accurately. The intention of this research is to develop an empirical relationship 
between the interstitial velocity as a function of flow rate and aspect ratio and 
the dispersion number, and compare the results of the empirical model with the 
experimental results of two local existing SFCWs. The specific objectives of 
this research are to:
1. design and construct a SFCW bench-scale model,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2. perform tracer studies with varying interstitial velocity and hydraulic 
residence times comparable to that expected in the field by changing the 
aspect ratio and flow rate in the bench-scale model, and determine the 
longitudinal dispersion number for each arrangement,
3. perform tracer studies at the Baton Rouge Zoo SFCW and the Carville 
SFCW and determine the longitudinal dispersion number at each,
4. develop empirical relationships between the longitudinal dispersion number 
and interstitial velocity and hydraulic residence time as a function of aspect 
ratio and flow rate, and
5. compare the results of the empirical model with the experimental results of 
the tracer studies performed at the Baton Rouge Zoo, and Carville SFCWs.
It is expected that a trend of increasing dispersion with decreasing 
aspect ratio and decreasing interstitial velocity will prevail. The error associated 
with the uncontrollable variables discussed previously will contribute to the 
differences between dispersion numbers estimated with the empirical 
relationships and the dispersion numbers of the field experiments. Since the 
bench-scale system contains clean, undisturbed media of the same size as the 
field systems and a clean water source, there will no doubt be differences found 
between the dispersion numbers calculated in the bench-scale system and the 
dispersion numbers of the field systems. Nonetheless, the empirical 
relationships should provide an initial estimate for the dispersion number in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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SFCWs of any size to be used to design future systems based on alternative 
flow conditions.
1.4 Scope And Limitations
The scope of this research is to construct a bench-scale system that can 
be used for tracer studies to model the longitudinal dispersion as a function of 
interstitial velocity while maintaining hydraulic residence times expected in field 
systems by varying the flow rate and aspect ratio. This model will be based on 
micro-scale dispersion, in that it does not account for the effects of plants, 
solids accumulation, construction inconsistencies, etc.. Existing SFCWs in 
Louisiana are commonly filled with 2 in. - 3 in. limestone and capped with 
gravel. Therefore, the bench-scale system will also be filled with 2 in. - 3 in. 
limestone. This media will not be changed out during experimentation due to 
the possibility of damaging the lining and structure when removing the rocks.
1.5 Motivation
An alternative approach, i.e., a series of continuously stirred tank 
reactors (CSTR), which incorporates the influence of dispersion and the 
interstitial velocity, for the design of constructed wetlands should be 
considered. The mathematical model is based on the principle of mass 
balance , convective dispersive mass transfer, and Darcy’s law (Wang and 
Chen, 1995). A dispersion coefficient calculated from the dispersion number 
relationship, which can be estimated using a bench-scale SFCW, and the 
interstitial velocity are the parameters used to determine the number of CSTR’s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for the description of a particular SFCW. A mathematical relationship between 
the dispersion number and the variable characteristics of the SFCW can be 
developed, thus leading to the parameters needed for the alternative model. 
The motivation driving this research is to develop a mathematical relationship 
between longitudinal dispersion and interstitial velocity in SFCWs so that more 
descriptive design models can be considered in the future.
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2.0 Background
2.1 Dispersion
Dispersion is the term used to describe the evolution of a transition zone 
which develops as fluids move toward uniform composition. The velocity of a 
fluid flowing through porous media is not uniform due to the following boundary 
effects (Fried, 1971):
1. velocity at the surface is zero which creates a concentration gradient 
causing a longitudinal effect (Figure 2.1),
2. maximum velocities are different among varying pore diameters, 
causing a longitudinal effect (Figure 2.2), and
3. streamline paths vary with respect to the direction of flow causing a 
transverse effect (Figure 2.3).
The geometrical structure of the porous medium, which influences 
dispersion, can be described by the porosity and the permeability of the 
medium. Fluid characteristics such as velocity and density of the fluid also 
influence dispersion. Displacement due to velocity distribution and the distance 
traveled by the transition zone also influences dispersion (Fried, 1971).
Figure 2.1: Concentration gradient profile
8
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Figure 2.2: Different velocities in varying pore 
diameters
Figure 2.3: Varying flow paths
2.2 Reactor Design
The size and type of reactor in which the reaction takes place influences 
the path, the mixing patterns, and the retention time of the fluid flowing through
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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it. The following reactor types are discussed: plug flow, completely mixed, 
completely mixed in series, and dispersed plug flow.
2.2.1 Plug Flow Reactor
In a plug flow reactor (PFR), the fluid particles entering the system are 
assumed to exit in the same sequence. Therefore, no longitudinal mixing 
occurs, and the time in which the particles remain in the reactor is equal to the 
theoretical detention time (Tchobangolous, 1991). To insure plug flow, the 
reactor is designed with a high aspect ratio, and thus, longitudinal dispersion is 
considered negligible.
2.2.2 Mixed Flow Reactors
In a completely mixed reactor (CSTR), it is assumed that the inflow is 
immediately and completely mixed, and the concentration within the reactor is 
the same as the concentration in the effluent of the reactor. The fluid particles 
within the reactor are always assumed to be uniform throughout, and the 
reactor is assumed to operate under steady state conditions. A CSTR requires 
a greater volume to achieve the same removal efficiency as a plug flow reactor 
(Tchobanoglous, 1991).
2.2.3 CSTR’s In Series
When the flow in the reactor is somewhere between plug flow and 
completely mixed flow, a finite series of CSTR’s can be used to model the flow 
regime. One reactor in a series represents a completely mixed system, and an 
infinite series of reactors represents a plug flow system. The total volume
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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required to achieve the same removal efficiency as the PFR approaches the 
volume required for a PFR as CSTR’s are added in series (Tchobanoglous, 
1991).
2.2.4 Dispersed Plug Flow
Dispersed plug flow is a condition where the flow of the fluid experiences 
some degree of back mixing or intermixing with a magnitude which is 
independent of the position within the reactor (Levenspiel, 1972). The 
longitudinal dispersion coefficient characterizes this degree of back mixing. 
Dividing the dispersion coefficient by the interstitial velocity and the length of 
the reactor results in the dimensionless dispersion number which measures the 
extent of longitudinal dispersion. Reactors with dispersion numbers greater 
than 0.2 exhibit “a large amount of dispersion;” whereas, a dispersion number 
of 0.025 represents flow somewhere between plug flow and mixed flow. A very 
small amount of dispersion (< 0.002) results in near plug flow (Levenspiel,
1972).
2.3 Non-ideal Flow In SFCW’s
Non-ideal flow patterns in constructed wetlands may be caused by 
preferential flow channels and mixing effects (Kadlec, 1995). It is necessary to 
consider these non-ideal flow patterns in the design of constructed wetlands, 
since they may have large effects on pollutant removal (Kadlec, 1995).
According to Kadlec (1995), basic chemical reaction engineering 
principles can be applied since constructed wetlands are essentially chemical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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reactors. The residence time distribution (RTD) is the contact time distribution 
for the system defined by the fraction of incoming water which stays in the 
system for a length of time between t and t+At. The residence time distribution 
function, f(t), can be measured by injecting a pulse of tracer into the system and 
measuring the exit concentration as a function of time. Some of the tracer 
travels faster than the mean detention time to the outlet, and some is delayed, 
exiting the system much later than the mean detention time. Kadlec (1995) 
uses a tanks in series model combined with a plug flow element (Equation 2.2) 
to describe the delay when no tracer reaches the outlet.
This equation is essentially the same as the tanks in series model except that 
the concentration data when the time is less than the delay time fo) is not 
considered in the curve fitting procedure and the delay time is subtracted from 
the actual time. The tanks in series model with a delay is used to fit the tracer 
response for the Carville, LA SFCW tracer study performed in 1993 with a PFR 
of 45 percent and 3 CSTR’s of 18 percent of the volume each (Kadlec, 1995) 
Kadlec (1995) also discusses plug flow modified by dispersion 
represented with the following equation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/ ( / )  = 0 : t < t d (2.1)
(2.2)
D d 2C d(uC) dC
dx2 dx dt
(2.3)
where the boundary conditions are closed-closed and only the numerical 
solutions are applicable. The dispersion coefficient in equation 2.3 is calculated 
from the dimensionless dispersion number (D/uL) where u is the velocity (m/d) 
and L is the length (m) from the inlet to the outlet of the system.
In a study by Sanford, et. al., 1995, tracer studies were used to 
characterize the flow patterns of wastewater through subsurface flow rock-reed 
filters. In this study, tracer experiments were performed on four 3-year-old rock 
reed filters with coarse gravel (3 cm diameter stone), pea gravel (0.5 cm 
diameter stone), and a sand and gravel mixture as the media in each. The 
tracer experiments were performed to examine whether or not preferential flow 
was occurring. The “tracer" residence time was calculated by fitting the outflow 
concentration data against the convective-dispersive equation. It was 
determined that preferential flow occurred if the “tracer” residence time was less 
than the “design” residence time. The data indicated that there was a density 
stratification of the wastewater in the coarser substrates because of high 
hydraulic conductivity’s which resulted in a decrease in the residence time.
This density stratification occurs because of the addition of rain water or a more 
concentrated influent. The sand and gravel substrate experienced a great deal 
of surface flow due to clogging.
A simplified solution to the dispersion model, solved by Wehner and 
Wilhelm, for small amounts of dispersion is (Kadlec, 1993)
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where D = dispersion coefficient, m2/d; 
u = velocity, m/d; and 
L = length, m.
However, experimentation has shown that dispersion effects in wetlands are 
large; and therefore, too great for equation 2.4 to apply (Kadlec, 1993).
In a large pilot study at Richmond, NSW, Australia by Fisher, 1991, the 
flow patterns through sewage treatment constructed wetlands were determined 
using tracing techniques with fluorescein dye. The gravel substrate system 
consisted of crushed river gravel with a nominal diameter of 5 to 10 mm with a 
porosity of 0.45. According to Fisher, the results of the tracer studies indicated 
that the gravel systems had essentially plug flow regimes with some 
longitudinal dispersion; however, no calculations on the degree of mixing were 
performed. The data actually seemed to be representative of a partially mixed 
flow condition.
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3.0 Evidence Of Dispersion In SFCW’s
Other investigators have suggested that the plug flow model 
inadequately approximates the flow pattern. This is evident in tracer studies 
since dispersion broadens the peak of the concentration curve when pulse 
tracer tests are performed. It can be shown theoretically that dispersion 
renders an important role in modelling the system. The effects of dispersion 
are neglected from the beginning with the assumption of plug flow ; however, 
tracer studies have indicated that dispersion does exist (Reed, 1988). Other 
models, such as the Wehner-Wilhelm model (Tchobanoglous, 1991) and the 
mixing cell concept (Wang and Chen, 1995), which attempt to describe the 
conditions between plug flow and mixed flow, are available.
In a 1990 lithium tracer study performed at the SFCW in Carville, LA, 
data did not exhibit ideal plug flow. The “time to peak” concentration was 
considerably shorter than the theoretical hydraulic residence time based on 
actual flow, measured porosity, and system dimensions (Reed, 1988). Tracer 
recovery in this study appeared to be 1 0 0 %.
3.1 Theoretical Justification For Using The Convective Dispersive 
Transport Equation
It can be shown theoretically (Table 3.1), that as dispersion increases, 
BOD5 removal performance decreases when the convective-dispersive 
equation is applied to a hypothetical situation (Chen, 1995). This equation 
reveals a decreasing removal efficiency from approximately 85% to 70%, for 
the hypothetical variables, as dispersion increases. Thus, if dispersion does
15
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exist, but is not accounted for, the design based on the first order plug flow 
model would likely result in water quality discharge violations.
Table 3.1: BOD5 removal efficiency as a function of dispersion coefficient.
Ds (m /h) Ce/C0 % Removal




3.333 0 . 2 0 0 80%
4.0 0.208 79.2%
1 0 . 0 0.264 73.6%
15 0.30 70%
3.1.1 Tracer Study At Cade, LA SFCW
A tracer study, using Rhodamine-WT fluorescent dye, was performed in 
a small SFCW (AR = 0.59) at the University of Southwestern Louisiana 
Research Farm in Cade, LA. This study was performed as part of a Louisiana 
Department of Environmental Quality interagency agreement with the 
University of Southwestern Louisiana and Louisiana State University titled 
“Integrated Tertiary Lagoon Wastewater Treatment.” In this tracer study, at a 
flow rate of 13.25 m3/d, porosity of 0.446, cross sectional area of 6.32 m2, and 
length of 6.1 m, the dispersion number (D/vL) was calculated to be 0.09. The 
dimensionless dispersion number is equal to the dispersion coefficient divided 
by the interstitial velocity and the length of the system. This value is substituted 
into the Wehner-Wilhelm equation along with actual system data, and the 
expected design performance is calculated. The Wehner-Wilhelm equation
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describes a reactor with an arbitrary flow-through pattern (Tchobanoglous,
1991). Table 3.2 shows that the ability to predict system performance is 
improved when the plug flow model is replaced with the Wehner-Wilhelm 
model, and then compared to the actual system performance.
Table 3.2: Comparison of actual BODs removal performance to plug flow 
and Wehner-Wilhelm model design performance
Date Actual Plug Flow Wehner-Wilhelm
9/21/94 46.4 % 90.2 % 43.0 %
10/19/94 24.6 % 49.2 % 15.2 %
11/2/94 40.0 % 67.1 % 23.8 %
An equation which describes the SFCW with partially mixed hydraulics
requires the knowledge of the systems’ dispersion number which necessitates
a tracer study on a system which is not yet constructed. Therefore, it is
imperative that an empirical relationship between the parameters which control
the interstitial velocity and the dispersion number, based on existing systems
and the bench-scale model, be established. Tthe dispersion number for the
design can be estimated from the published regressions.
3.1.2 Justification Of Plug Flow Design Inadequacy Using The North 
American Constructed Wetland's Database
The North American Constructed Wetland Database was developed
under funding by the Environmental Protection Agency (EPA). This database
was used to obtain the influent and effluent BOD5  concentration, system
efficiency, hydraulic retention time, and operating temperature of several
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currently operating SFCWs. A Fortran program was designed by the author to 
calculate the design performance or expected effluent concentration based on 
plug flow and the operating parameters of the systems in the database . The 
expected effluent concentration of these systems is compared to the actual 
concentrations in Figure 3.1. It is obvious in these cases that the plug flow 
model is an insufficient representation of the actual systems.
I I
D e s ig n  L.e
Figure 3.1: Actual and plug flow design concentrations for several 
SFCW's
Also, an error in the model may predict an incorrect 20°C decay rate 
constant (l<2 o)- The K2 0  value used for design of SFCWs is 1.104 d"^ (Reed, 
1995). Using data from the database, the K2 0  was calculated based on plug 
flow, temperature, and hydraulic retention time for several systems. A valid
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model should predict a K2 0  value which has minimal variation; however, the 
data shows a large range in K2 0  (Figure 3.2).
Figure 3.2: 20°C rate constant range for several SFCW’s
Therefore, it is justifiable that an alternative model for the design of 
SFCWs should at least be considered. One reason a model including 
dispersion has not been considered is because the model becomes more 
mathematically complicated. Nevertheless, Chen, et. al. suggest a model 
consisting of several CSTR's connected in series in which the number of 
CSTR's is a function of the velocity of the flow through the system, the length of
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the system, and the dispersion coefficient. The key to this model is the 
determination of the number of CSTR's to be used, which is a function of the 
dispersion coefficient and the interstitial velocity. However, few values for 
dispersion in constructed wetlands exist since the dispersion coefficient is itself 
a function of interstitial velocity which is dependent upon porosity, cross 
sectional area, and flow rate.
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4.0 Field System Survey
4.1 Existing Louisiana SFCW’s System Survey
The North American Constructed Wetland Database was used to locate 
SFCW systems in Louisiana that would be suitable for tracer study evaluations. 
Information on the source of wastewater (SRC), vegetation type (VEG), 
substrate (MEDIA) and grain size (SZ), aspect ratio (Ar), width (W), depth (D), 
length (L), slope (S), and design flow (DesQ) was retrieved in Table 4.1. The 
database revealed 13 possible locations in Louisiana for the tracer studies. 
Additional literature, information, and contact personnel were gathered and 
some site visits were made to determine which systems were best suited for the 
tracer studies. Other systems not listed in the database were also considered 
for the tracer studies.
Table 4.1: SFCW’s in Louisiana












MUN MAR rock & top gravel 6.4 5 64 45.7 320 0 11355
Mandeville MUN MAR rock & top gravel 7.6 1.9 63.1 45.7 117 0 5678
Carville MUN MAR rock & top gravel 5.7 10 15.2 61 152.4 0 568
Hammond OTH MAR rock & top gravel 5.7 4.9 15.2 61 74.4 0 329
Albany MUN MAR washed gravel 2.2 6.7 9.1 45.7 61 1 132
Benton MUN MAR rock & top gravel 6.4 15.5 17.7 45.7 274.3 0 1173
Haughton MUN MAR rock & top gravel 5.1 13 21.9 45.7 284.7 0 1324
Hornbeck MUN MAR rock & gravel top 6.4 14 7.9 45.7 110.3 0 231
Provencal MUN MAR rock & gravel top 6.4 13.9 10.1 45.7 140.2 0 344
Crowley MUN MAR rock & gravel top 7.6 2.5 98.4 45.7 246.3 0 13248
Doyline MUN MAR rock & gravel top 6.4 12 15.2 61 182.9 0 416





7.6 4.1 32 61 139.3 .22 1892.5
SITE-NAME: system name, SRC: wastewater source, VEG: vegetation 
type, SZ: media grain size, Ar: aspect ratio, W: width, D: depth, L: length, 
S: slope, DesQ: design flow rate
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4.1.1 Crowley System
The SFCW in Crowley, LA is an 18 acre system consisting of two cells in 
parallel. The flow rate to the system is approximately 1. 6  MGD and the effluent 
flow is about 0.5 MGD. It is 2 ft. deep, and contains 2 in. - 5 in. limestone with 
a design porosity of 0.35. Since this system is so large in size, and would 
require a great amount of tracer material and time to fully develop the 
concentration curve, this system was eliminated as a possible candidate for the 
field tracer studies.
4.1.2 Mandeville System
The microbial rock plant filter systems at the Hickory site in Mandeville, 
LA was designed based on a 1.5 MGD average flow design and a 24 hour 
detention time. It is preceded by three treatment lagoons, aerated with diffused 
air, approximately 600 ft. long by 2 0 0  ft. wide and 1 0  ft. deep placed in series, 
the partially treated wastewater flows from the last lagoon into the SFCW. This 
SFCW is divided into three cells operating in parallel that are 470 ft. by 210 ft. 
(Ar = 2:1) with a 24 in. depth. The present average flow per cell is 0.33 MGD 
with a detention time of 36 hours (Guillory, 1995).
At first, this system seemed ideal for a tracer study; however, upon 
visiting the site, it was found that the system was experiencing extreme 
surfacing and channeling in all three cells. Therefore, performing tracer studies 
at this site would be futile since the tracer would likely flow through preferred
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flow channels and on the surface resulting in a much shorter hydraulic 
residence time than that of the intended design.
4.1.3 Carville System
The SFCW at the Hansen’s Disease Center in Carville , LA has been 
studied by other researchers in the past (Zacharitz, 1993). However, the 
system has recently undergone drastic changes which completely rearrange 
the hydraulics of the system. The former long narrow system was divided into 
three cells operating in parallel with an aspect ratio of 3:1. The initial pea 
gravel media was excavated and replaced with 2 in. - 3 in limestone. Also, the 
system was not re-planted because it performed so well without the plants.
The original daily design flow rate of 150,000 gpd was changed to 400,000 gpd 
for all three cells (Kelly, 1995). This system is an ideal candidate for the tracer 
studies to be performed. The director and operator at the center were willing to 
accommodate this research, and were interested in the results.
4.1.4 Baton Rouge Zoo System
Even though the system at the Baton Rouge Zoo was not listed in the 
database, it was found to be well suited for the study. The system is 
constructed on a 2.2 acre site in the interior of the park. The previously existing 
forcemain serves as the influent to a primary settling tank which flows into a
50,000 gallon flow equalization basin. Then it flows through a SFCW, an 
ultraviolet disinfection unit, an effluent pump station, down a rock cascade to 
raise the dissolved oxygen level, to a holding pond where it is released to a
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canal leading to Cypress Bayou. Design of the SFCW was based on a 24 hour 
detention time, a 24 in. depth, 40% void space, and a maximum uniform flow of
500,000 gpd. An aspect ratio of 9:1 was selected for this system; however, it 
was later decreased to 5:1 due to surfacing problems by bypassing a large 
section of the system. It is estimated that the zoo now saves $200,000 
annually in sewer fees (Price, 1995).
4.1.5 LTRC System
The Louisiana Transportation and Research Center system at the 
Interstate 49 rest area is currently under construction. This system is designed 
with research purposes in mind. Constructed wetlands appear to be a 
promising alternative to the extended aeration package plants which are 
currently inadequately treating Louisiana Department of Transportation and 
Development rest area wastewater’s. However, since constructed wetland 
sizing requirements are not established, this research system will assess the 
feasibility of its use for rest area application and recommend size criteria 
(Bates, 1995).
Since this pilot system is designed with research purposes in mind, it 
would be an ideal site for a tracer study. An added benefit is that a tracer study 
could be performed when the system first goes on-line, and then repeated after 
an extended length of operation to determine the effects of system age on 
dispersion. The projected start up month for this system was January, 1996; 
however, because of construction delays, it did not go on-line until June, 1996.
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5.0 SFCW Design
5.1 Current SFCW Design Rationale
Subsurface flow constructed wetlands have been designed based on 
models which have been over-simplified. Thus, many of these constructed 
wetlands are facing operational problems such as surface flow and 
inadequacies, such as inefficient use of the bed and exceeding water quality 
limits. Model development of a constructed wetland begins with an equation 
representing the many mechanisms which attenuate the discharged pollutants. 
The one-dimensional convective-dispersion equation incorporates convection, 
dispersion, and a pollutant decay reaction.
dC d2C dC
—  =  D — r - v -------r  (5.1)
dt dx' dx
where C is the pollutant concentration, D is the dispersion coefficient, v is the 
interstitial velocity, and r is the reaction rate of the biodegradable organic 
matter. However, it is complicated to solve for the effluent concentration 
without the use of simplifying assumptions. Therefore, the currently accepted 
design procedure employs the assumption of steady state conditions,
—  = 0 (5.2)
dt
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The reaction rate of the biodegradable organic material in the wastewater is 
assumed to be first order, thus leading to
where KT is the temperature dependent rate constant for first order decay. 
Solving this equation gives the familiar first order plug flow kinetics equation
The next equation in the model development incorporates Darcy's law 
for flow through porous media
where Q is the flow rate, K is the hydraulic conductivity, dh/dL is the hydraulic 
gradient, and Ac is the cross-sectional area perpendicular to the flow. In this
equation, the flow rate through the system, which in turn yields the hydraulic 
retention time, is dependent upon the hydraulic conductivity. A value for the 
hydraulic conductivity parameter is often obtained from literature which may 
inadequately describe the particular media used in the design and which will 
likely change over time due to solids accumulation. For Darcy's law to be 
applicable, it is assumed that the flow in the system is constant and uniform, 
and the media size is small enough such that laminar flow prevails (R<10).
(5.4)
G = Coe~KA,) (5.5)
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The first step in the currently accepted design practice (Reed, 1995) is to 
determine the surface area (A,.) by rearranging the plug flow model (Equation 
5.5).
A = g(lnC° ~ lnCg) (5.8)
KT(y)(n)
where C0 and Ce are the influent and effluent BOD concentration, y is the 
media depth, n is the media porosity, and the temperature dependent rate 
constant is calculated as follows
Kr = £20(1.06)(r-20) (5.9)
The K20 constant is assumed to be 1.104 d' 1 in SFCW’s. An equation to 
determine the acceptable minimum width of the SFCW can be determined by 
substitution and rearrangement of Darcy's law and the following equations
^  = (5.10)
dL L
L = —  (5.11)
W 1 7
Ac = Wy (5.12)
where m is the percentage of head differential expressed as a decimal, y is the 
depth of the water, L is the length and W is width of the system, and As is the
surface area (Reed, 1995). The minimum acceptable width is
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Early design criteria of SFCWs recommended the use of high aspect ratios 
(L:W) to ensure plug flow conditions. However, the resistance to flow increases 
as the length of the flow path increases, and therefore aspect ratios less than 
1:1 to about 3:1 are now suggested (Reed, 1995).
The question which needs to be addressed is as follows: Since the bed 
is assumed to behave as a plug flow reactor, i.e. a high aspect ratio, is it 
possible that the effect of dispersion which is neglected for plug flow behavior is 
in fact considerable in a constructed wetland bed with a high aspect ratio and 
even extreme in a bed with a low aspect ratio?
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6.0 Experimental Design
6.1 Tracing Procedure
To characterize non-idea! flow, a stimulus-response technique is used 
such that the system is disturbed and the response is evaluated. Pulse (delta 
function) tracer studies in which the tracer is injected into the inlet and samples 
are collected at the effluent (through-the-wall method) over a period of time 
were performed at existing SFCW’s and in a bench-scale SFCW. The effluent 
tracer concentration (response) was normalized and plotted against time which 
results in a c-curve that was analyzed for its distribution characteristics, mean 
residence time and variance. Normalization was performed by dividing the 
effluent concentration values by the area under the concentration verses time 
curve. This tracer response curve directly reflects the residence time 
distribution of the tracer. Mean residence time was obtained by calculating the 
first moment or centroid of the curve. The variance (or square of the spread) of 
the distribution was calculated from the second moment and was used to 
determine the dimensionless dispersion number for the specific media and flow 
condition.
6.1.1 Water Tracers
Fluorescent dye tracing techniques are widely used in hydrology (Smart 
and Laidlaw, 1977). Rhodamine B was commonly used in the 1960’s for 
quantitative tracing in surface waters but was replaced by the cheaper 
Rhodamine-WT designed specifically for water tracing. In a study by Smart
29
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and Laidlaw, the properties of eight fluorescent dyes, AminoG acid, photine CU, 
fluorescein, lissamine FF, pyranine, Rhodamine B, Rhodamine WT, and sulpho 
Rhodamine B, were evaluated based on sensitivity and delectability, water 
chemistry effect on fluorescence, photochemical and biological decay rates, 
adsorption losses, toxicity, and cost (Smart and Laidlaw, 1977). Rhodamine- 
WT (0.013 pg/L) and Rhodamine B (0.010 pg/L) had the lowest minimum 
detectability. Rhodamine-WT and fluorescein have a moderate performance in 
resistance to adsorption on both organic and inorganic substrates. In the study 
by Smart and Laidlaw, Rhodamine-WT was recommended for dye tracer 
applications because it was the second most cost effective dye and had no 
serious disadvantages.
Another study evaluated water tracers, Bromide, Uranin, Eosin, Lithium 
salt, and tritiated water as a reference, for investigation of the hydraulic 
properties of constructed wetlands (Netterand Behrens, 1992). Each of the 
experiments in this study were performed with the simultaneous injection of the 
water tracers to compare the behaviors in a 500 m2 granular media constructed 
wetland at the Germerswang pilot plant near Munich, Bavaria. Two 
experimental runs were performed using hydraulic loading rates of 8  m3/d and 
23 m3/d. All of the tracers, except lithium, exhibited more or less identical 
distribution of hydraulic residence times. In this study, Lithium was not 
consistent with the reference tracer, and therefore could not be recommended 
for use in constructed wetland applications.
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6.1.2 Rhodamine-WT
Intracid Rhodamine-WT liquid is a bright fluorescent red dye developed 
especially for water tracing. It has a very low tendency to stain silt, dirt, organic 
and other suspended matter. Using fluorometric techniques, it is detectable at 
0.1 ppb. Rhodamine-WT poses no known environmental or health hazards 
when used in compliance with established dye concentrations according to 
studies conducted by the U.S. Army Corps of Engineers (Crompton and 
Knowles, 1988).
6.1.3 Sequoia-Turner Model 450 Fluorometer
A Sequoia-Turner Model 450 Fluorometer is available in the LSU Civil 
Engineering Aquatic Systems Laboratory (CEASL). In the fluorometer, light 
passes through a primary filter that filters wavelengths between 430 and 450 
nanometers before entering a compartment where it is absorbed by the dye 
sample. These longer wavelengths are then re-emitted as fluorescence. This 
emitted light passes through a secondary filter set at a ninety degree angle to 
the primary filter and is opaque to light passing the primary filter. A 
photomultiplier measures the amount of light passing through the secondary 
filter and produces an absorbance readout (Smart and Laidlaw, 1977). The 
fluorometer is first calibrated using a standard solution made from the stock 
solution of the Rhodamine-WT. Then the tracer concentration, normalized for 
each sample by dividing it by the peak concentration, is plotted against the time 
series.
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6.2 C-curve Distribution Analysis
Pulse tracer studies in which tracer is injected into the inlet and samples 
are collected at the effluent (through-the-wal! method) over a period of time are 
performed for varying interstitial velocity conditions. The tracer concentration is 
then plotted against time which results in a c-curve that can be analyzed for 
mean and variance. For the given c-curve, the mean ( f  ) is given by
' - £ g ST ( 6 - 1 )
and the variance ( cj2 ) is given by
■, ^ trCAt,
(6-2»
where variance has units of (time) 2 and represents the spread of the 
distribution. The variance of this curve is used to determine the dimensionless 
dispersion number (D/vL) for the specific media and flow condition where D is 
the dispersion coefficient, v is the interstitial velocity, and L is the reactor length 
(Levenspiel, 1972). For large amounts of dispersion, the shape of the curve 
changes significantly with time and is non-symmetrical with an extended tail. 
The dimensionless parameter D/vL, can be calculated from the variance by the 
equation (Levenspiel, 1972)
°*‘ =2|l l+8 £  (6-3>
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For the pulse tracer input, as noted in Levenspiel (1972), Aris (1959) has 
shown that the second term can be dropped without error resulting in the
equation
Under the non-symmetrical condition, the open vessel case is the only 
situation where the C-curve can be derived analytically. The equation which 
gives the curves for through-the-wall measurements in open vessels is 
(Levenspiel, 1972)
where 0 and C0 are the dimensionless mean residence time and distribution 
curves based on the dimensionless time units. 0 and C0 are calculated as 
follows
The theoretical c-curves can be compared to the experimental curves to 
determine how well the open vessel, pulse injection, through-the-wall, analytic 
solution of the c-curve matches the experimental data.
Other methods of fitting the experimental tracer break through curves to 
the theoretical curves are available. Wang and Chen (1995), suggest a new
(6.4)
( 1- 0 )2
(6.5)
(6.6)
Q  = iC (6.7)
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model describing the convective-dispersive phenomena given by the following 
equation
/ - •  r > « —t f  \  I
2 £ i . _ ,6 .8 )
C„ K (n - l ) !  U J  
with the two parameters n and k , determined from tracer experiments, where n
is the number of mixing-cells and k  is a function of n and the first moment (u.,).
K = — (6.9)
n
Equation 6 . 8  is an nfh-order linear ordinary differential equation subject to the 
initial boundary conditions
C(x,0) = 0
[ c  0 < t < t  (6.10)
C(°,o = {0 ” f>(<
This solution represents the concentration of the substance as a function of 
time and distance reflected in the value n. The first moment about the origin 




C(0 + C(/ + 1)
=
(=1
At • A/, + At:
un
(6.12)
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The length of each mixing cell, Ax, is determined by dividing the system length, 
L, by the number of mixing-cells. The following two equations are then solved 








Using an estimate of the dispersion coefficient to obtain the parameters 
Ax and k , Wang and Chen’s solution to the first order convective-dispersive
transport equation
C( 0 n -1
1.0 - E
1=0
i +k/s: ^ A]
( l+ K ^ r)"
(6.15)
can be solved by trial and error to obtain the number of mixing cells (n) 
required. After solving for n, the new length of the system is determined by 
multiplying the number of mixing cells by the cell length.
6.3 Field SFCW Tracer Studies
Field tracer studies were planned and performed at the Baton Rouge 
Zoo SFCW in system in Baton Rouge, LA and at the Hansen’s Center for 
Disease Control SFCW system in Carville, LA.
Preliminary characteristic data such as length, width, depth, flow rate, 
porosity, etc., was collected from the field system. This information was used 
to determine the tracer injection volume, total length of study, and sampling 
schedule time series. Porosity was estimated by filling a container of known
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volume with the SFCW media and water. The effective volume was calculated 
as the volume contained in the pore space divided by the total container 
volume. The tracer injection volume was determined by multiplying the optimal 
tracer concentration recorded on the fluorometer by the effective volume of the 
system. Total length of the study was set to be three times the theoretical 
hydraulic residence time determined from the system’s flow rate and effective 
volume.
6.4 Bench-scale SFCW System
The fundamental variables affecting the dispersion coefficient for a 
particular constructed wetland design are the interstitial velocity, which is 
dependent upon porosity, cross sectional area, and flow rate, and the pore 
geometry which is dependent upon media characteristics such as porosity and 
permeability. A bench-scale SFCW was designed so that a mathematical 
relationship between the dispersion number and the interstitial velocity could be 
developed.
6.4.1 Bench-scale System Design
An experimental bench-scale SFCW was designed and constructed so 
that five different aspect ratio arrangements were possible. In each of the 
aspect ratio setups, five different flow rates were used and pulse tracer studies 
were performed. Results of the research were compared to existing field 
systems in which tracer studies have been performed. If it is assumed that no 
chemical reactions take place on the interface of the solid pore, and the porous
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media is only a geometrical boundary, then experimental results in the 
laboratory should extend to the field if the bench-scale system and field 
systems present the same hydrodynamica! characteristics. It is obvious that 
the hydrodynamical characteristics between the two systems will not be exact. 
The differences can be accounted for by the uncontrollable variables such as 
changing porosity and hydraulic conductivity, and solids and debris 
accumulation in the field systems.
6.4.2 Dimensional Analysis Of The Bench-scale System
Dispersion (D) depends upon viscosity (p) and density (p) of both fluids, 
gravity (g), interstitial velocity (v), diffusion coefficient (D0), and permeability (k).
The dimensional analysis can be worked out if the following restrictive 
assumptions are maintained. Assuming mixing occurs without volume 
shrinkage, the density difference due to gravity between the two fluids can be 
described by g(p-, - p2) = gAp, diffusion is independent of concentration, and 
dispersion depends on p1 and p2 before the fluids mix (Fried, 1971). The 
dispersion can be written as a function of the following seven parameters
D = f(gAp,ii ],[i2,v,DQ,k) (6.16)
Each of these parameters (gravity, density, viscosity, seepage velocity, 
molecular diffusion, permeability, and dispersion) are characterized by the 
fundamental dimensions associated with them and are given in table 6.1. The 
fundamental dimensions are described by mass (M). length (L), and time (T).
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Table 6.1: Dimensional characteristics
Physical Quantity Symbol Dimension
_ H y  g m - 2
density p m/L3
viscosity p M/LT
seepage velocity v L/T
molecular diffusion D0  j_2/y
permeability k [_2
dispersion D |_2 f j
According to the Buckingham Theorem, the n dimensional variables in the 
equation, described by m fundamental dimensions, can be grouped into n-m 
dimensionless groups. Therefore, since the dispersion equation has seven 
dimensional variables and three fundamental dimensions (M, L, T), it can be 
grouped into four dimensionless groups.
n=7 m=3 n-m=4 (6-17)
<j)(7CI,7C2,7C3,7r4) (6.18)
M ° E T  *  f  \D ,p ,v ,D 0,k,ix ,g ) = 0 (6.19)
Taking the primary variables p , v, and k, which relate mass, kinematics, and 
geometry, the dimensionless terms are written.
„  1 = pa1vb1 kc1 Dd 1 (6 .2 0 )
n2 = pa2 vb2 kc2 D0d 2  (6.21)
7t3  = pa3 vb3k c3p d 3  (6 .2 2 )
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7t4 = Pa4vb4kc4gd4 (6.23)
The proper dimensions are substituted into the MLT system
M°L°T0 : (M/L3)a1 (L/T)b1 (L2)c1 (L2fT)d1 = 0 (6.24)
M°L°T°: (M/L3)a2 (L/T)b2 (L2)c2 (L2/T)d2 = 0 (6.25)
M°L°T°: (M/L3)a3 (UT)b3 (L2)c3 (M/LT)d3 = 0 (6.26)
M°L°T0: (M/L3)a4 (L/T)b4 (L2)04 (L/T2)d4 = 0 (6.27)
and the unknown variables a, b, c, and d are solved for and grouped according 
to their exponents.
7t1 = p0v-d1k-1/2d1Dd1 = [(Dk1/2) /v ] ‘d1 (6.28)
n2 = p0v-d2k-1/2d2Dod2 = [D0k1/2) / v] *d2 (6.29)
,c1 = p-d3v-d3k_-|/2ci3Md3 = / (vk1/2)j d3 (6.30)
7t4  = p0v-2d4k1/2d4gd4 = [g / (vV/2)]d4 (6.31)
For interstitial velocities near zero, molecular diffusion becomes 
important. However for even extremely small interstitial velocities, the mixing 
resulting from the dispersion phenomena is many times greater than the mixing 
that can be accounted for by diffusion alone (Runner, 1962). Data given by 
Rumer on the magnitude of dispersion relative to molecular diffusion shows 
justification for neglecting molecular diffusion. For the ideal tracer case, where 
the tracer does not affect the density or viscosity of the fluid phase in which it is
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diluted; the Peclet number (Dk1̂ / V) given by equation 6.28 is the only 
dimensionless number taken into account.
Assuming the flow is laminar, the fluid is incompressible, and the 
medium is saturated, the Navier-Stokes equations will apply to the flow through 
the porous media, and the permeability (k) can be written as a function of the 
pore system geometry
k = 0 4  (6.32)
where C is a dimensionless constant for a given medium and a function of the 
particle shape and size, and dsg is the 50% representative grain size for the
medium (Harleman,1963 (2)). Therefore, the dimensionless Peclet number 
may be written in the form Pe = (vd5 g)/D. The dimensionless dispersion
number is equal to the inverse of the Peclet number.
The bench-scale model is designed such that the dimensionless Peclet 
numbers of the model and the prototype (field system) are equal. And the 
Reynolds number must be less than 10 to ensure that flow through the system 
is laminar.
f t ) m o d « /  =  prototype (6.33)
The Peclet numbers can be written in the following form, and the required flow 
rate of the model needed to simulate the characteristics of the prototype can be 
determined.
v<Ti ( vd'
DJ mod el ^  prototype
(6.34)




 ̂ d  >mod
r od
\n W y ,
( ^ ) m o d  el
(D)





V / prototype V /m o d  </ (6.36)
prototype
The mass transport perpendicular to the direction of flow (lateral 
dispersion) is much less than the mass transport in the direction of the flow 
(longitudinal dispersion); therefore, lateral dispersion is neglected and 
longitudinal dispersion is assumed equivalent to the total dispersion (Rumer, 
1962).
The scale ratio (prototype divided by model) is given by
( t y p r a 'o n p e  _ ( tlWy




mod e l ^  mod el ^  prototype
The following example in Table 3.2 shows how the dispersion scale ratio 
between the bench-scale model and the prototype can be determined.
Table 6.2: Dispersion scale ratio example
Prototype Bench-scale Model
Q = 3 gpm (5.45 nTVd) Q = 0.1 gpm (.545 nTVd)
W = 8  m W = 2 m
y = 0.6 m y = 0.3 m
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Using the same media in the bench-scale model as in the prototype, gives a 
dispersion scale ratio of 3.75:1.
6.5 Experimental Design
The variables of the model are the system width, and flow rate. The 
aspect ratio’s (Ar) are set at 6:1, 3:1, 2:1, 1:1, and 3:4. The width was changed 
to 1 ft., 2 ft., 3 ft., 6  ft., and 8  ft. while the length was held constant at 6  ft. to 
achieve the preceding aspect ratio’s. Depth was held constant at 1 ft. Several 
flow rates were used, up to the maximum limited by the Reynold's number 
which must be maintained below 1 0 .
Figure 3.1 depicts the bench-scale model which was constructed in the 
LSU Old Hydraulics Building. The model was constructed with a wood frame 
and was lined with a swimming pool liner. The discharge outlet was adjustable 
allowing control over the hydraulic head. The system was constructed so that 
the tracer could be injected as a pulse and sampled at the effluent. The source 
water was pumped from a constant head tank with two installed peristaltic 
pumps. Clean water was pumped into an extendible header pipe which was 
lengthened as aspect ratio was decreased.
The maximum allowable Reynold’s Number to maintain laminar flow in 
the system is 10. Assuming standard conditions, the maximum flow rate for 
laminar flow conditions was calculated for each cross-sectional setup of the 
bench-scale system. This maximum flow rate was very high in comparison to
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the flow rate required to maintain a reasonable hydraulic residence time. 
Therefore, the limitations of laminar flow were not violated.
Tabie 6.2 shows flow rates and hydrauiic residence times for each 
aspect ratio setup that were performed in the bench-scale system. Flow rates 
were selected based on comparable hydraulic residence times in each 
experimental setup.
O U T L E T  
C O N T R O L  
~ BOX
Figure 6.1: SFCW Bench-scale Model
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Table 6.3: Bench-scale experimental flow rates and hydraulic 
retention times
Q(ml/min) Ar =6:1 Ar =3:1 Ar =2:1 Ar =1:1 Ar =3:4
Q1
hrt = 48hrs
- - 82 164 218
Q2 
hrt = 36hrs
36 72 109 218 291
Q3 
hrt = 24hrs
55 109 164 327 436
Q4 
hrt = 1 2 hrs
109 218 327 654 872
Q5 
hrt = 8 hrs
- - - “ 1308
Q6  
hrt =6 hrs
218 436 654 1308 -
Q6  
hrt =3hrs
436 - 1308 - -
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7.0 Methods, Materials, And Procedure
7.1 Bench-scale SFCW Tracer Experiments
The bench-scale system was designed so that tracer experiments for 5 
different aspect ratios could be performed. For each of the aspect ratio 
arrangements, the tracer injection volume was determined by multiplying the 
optimum detectable tracer concentration by the effective system volume 
(interstitial volume). The movable wall was placed at the required system 
width, bolted on the two upper corners and structurally supported at the floor of 
the system. Then the containment liner was draped over the wall and the 2-3 in 
limestone rocks were added. Peristaltic pumps were set to pump the desired 
flow rate of clean water from a constant head tank to the header pipe of the 
system. This header pipe consisted of attachable PVC units with a 1/16 in. slit 
cut along the centerline of the pipe. Each unit was adjusted along the width of 
the unit until the water was flowing uniformly across the width of the system. 
The ISCO 3200 sampler was programmed to collect 24 samples over a non- 
uniform time period which collected samples at a smaller time step when the 
peak concentration was expected. The static head was controlled at 1 ft with a 
PVC outlet elbow in the outlet control tank. Flow rate was adjusted by filling a 
graduated cylinder to the required level in one minute at the outlet control box. 
Once the flow rate was set, the sampler was programmed, and the header pipe 
was adjusted, the tracer was injected into the header pipe and the sampler 
began taking samples over the time period. At the start of the experiments a
45
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manual sample was collected to determine the background level of tracer.
After the experiment was completed, the samples were collected from the 
sampler and transferred to 1Q0 ml glass vials. These samples were analyzed 
for absorbence, with a Sequoia-Turner Model 450 Fluorometer, and then used 
to calculate tracer concentration based on the standardization curve (Figure 
7.1). This procedure was repeated for 5 different flow rates with each aspect 
ratio setup.
7.2 Baton Rouge Zoo Tracer Study
A Rhodamine-WT tracer study was performed at the Baton Rouge Zoo 
SFCW to determine the longitudinal dispersion number for that system. The 
results of this study were used to calibrate a model describing the longitudinal 
dispersion and interstitial velocity relationship developed using the SFCW 
bench-scale model. The objective of the tracer study was to determine the 
longitudinal dispersion number for the Baton Rouge Zoo SFCW and evaluate 
the plug flow system design assumption. The 26784 ft2 area under 
investigation had a length of 372 ft, a width of 72 ft, and a depth of 2 ft. The 
system was filled with 2-3 in. limestone with a porosity of 0.4. Flow rate was 
measured in a 24 in. Parshall Flume with a model 3200 ISCO bubble flow 
meter. The average flow rate was 142 gpm and the estimated interstitial 
velocity was 19.8 ft/hr. One liter of Rhodamine-WT dye was injected at the 
siphon inlet of the system. An ISCO 3200 automatic sampler was programmed 
to collect samples over a non-uniform time series which covered the length of
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the study. Each sample was transferred from the automatic sampler to labeled 
2  ml glass sample bottles.
The samples were then analyzed for Rhodamine-WT with the Sequoia- 
Turner Model 450 Flourimeter in the Civil Engineering Aquatic Systems 
Laboratory (CEASL). Light absorbence of each sample was measured with the 
calibrated flourimeter, and the Rhodamine-WT concentration was calculated. 
Each concentration was normalized and plotted against the time series to 
develop the c-curve (Figure 8.123).
The theoretical time to peak concentration, based on the initial measured 
flow rate of 165 gpm and the estimated system volume, was calculated to be 
10.4 hours. However, the actual peak reached the sampling point at 24 hours 
since the actual flow rate averaged 142 gpm. Manual samples were collected 
in addition to the automatic samples during the time that the actual peak 
concentration occurred so that the data would be representative of the tracer 
exit distribution.
7.3 Carville Tracer Study
The Carville SFCW site has undergone a complete overhaul to 
circumvent water surfacing problems. The original 480 ft. long channel was 
divided into 3 parallel flow cells each approximately 50 ft. in width by 150 ft. in 
length. The pea gravel media was excavated and replaced with a 2 ft. depth of 
2-3 in. limestone and a 6  in. pea gravel cap. The system was not replanted.
The objective of this tracer study was to determine the longitudinal dispersion
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number for one cell of the Carville SFCW and evaluate the plug flow system 
design assumption. A tracer study (USEPA, 1993) that had been performed at 
the Carville site before aspect ratio, media, and vegetation modifications are 
compared to the results of this study (Figure 8.124).
During the period of the tracer study, all flow from the lagoons was 
diverted to the third cell in the parallel system. The surface area of this cell was 
8112 ft2 with a depth of 2 ft. The cell was filled with 2-3 in. limestone with an 
approximate porosity of 0.446 and was capped with a 6  in. pea gravel layer.
The flow rate was measured through a 45 deg. V-notch weir with a model 3200 
ISCO bubble flow meter. The initial average flow rate was 22 gpm, and the 
estimated theoretical hydraulic residence time and interstitial velocity were 41 
hours and 3.2 ft/hr, respectively. 200 ml of Rhodamine-WT tracer was injected 
at the outlet of the second lagoon. An ISCO 3200 automatic sampler was 
programmed to collect samples over a non-uniform time series which covered 
the length of the study. Each sample was transferred from the automatic 
sampler to labeled 2  ml glass sample bottles and analyzed in the lab.
Although the theoretical time to peak concentration, based on the initial 
measured flow rate of 22 gpm and the estimated system volume of 7236 ft3, 
was calculated to be 41 hours, the actual peak reached the sampling point at 
16 hours with an actual average flow rate of 18.4 gpm. A lower flow rate would 
normally result in a longer hydraulic residence time since the effective system 
volume remains constant, however the hydraulic residence time actually
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increased as the average flow rate decreased. Possibly, the flow meter was 
calibrated incorrectly or the equation used for the v-notch weir did not 
accurately estimate actual outlet flow conditions.
7.4 Sequoia-Turner Model 450 Flourometer Calibration
The fluorometer was calibrated by preparing several known 
concentrations of Rhodamine-WT and recording their corresponding measured 
absorbence values (Appendix A). The absorbence value was the independent 
variable and the concentration was the dependent variable. The data were 
plotted and the equation of the best fit linear trendline through the data points 
was determined. Using this equation, the concentration was calculated from 
the absorbence value for each experiment performed. The calibration curve is 
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Figure 7.1: Sequoia-Turner Model 450 calibration curve
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7.5 Longitudinal Dispersion Calculation Method
The dispersion number was calculated according to the method outlined 
in Levenspiel, 1972. For each experiment, three replicate absorbence values 
were recorded for each of the data points and averaged. This value was then 
converted to a tracer concentration value with the equation describing the 
calibration curve. The non-uniform time series of when the samples were 
collected and their corresponding tracer concentration values were placed on a 
spreadsheet for further calculation and corresponding c-curves are generated 
(Appendix B). The first step was to compute the first moment of the area, or 
centroid, which represents the hydraulic residence time, using equation 6 .1 . 
Next, the second moment, or the variance (equation 6.2), was computed.
These two values are then substituted into equation 6.4 and the dimensionless 
dispersion number is computed. The interstitial velocity was estimated by 
dividing the effective system volume (interstitial volume) by the flow rate. Then, 
dividing the dimensionless dispersion number by this value and the system 
length gave the longitudinal dispersion coefficient with units of time per length 
squared.
7.6 Tracer Recovery Calculation
The mass recovery of tracer was calculated by the equation
Vol = ^ Q C A t  (7.1)
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where Vol is the recovered tracer volume, Q is the flow rate, and C is the tracer 
concentration for each time step, At. The percent recovery was obtained by 
dividing the injected tracer volume by the recovered volume.
7.7 Theoretical Curve Development
Analytical models are available to fit the experimental data, but not all of 
the models are adequate for describing the data due to differences in the 
boundary conditions. Two alternatives for describing the experimental data 
have been applied to the data, and the alternative which best fits the data is 
recognized.
The first is the analytic solution to the convective-dispersive equation 
(Equation 6.5) for the open vessel case given by Levenspiel, 1972. Analytic 
solutions for the open vessel condition exist, but not for the closed vessel case. 
As dispersion becomes greater, the experimental curve becomes more skewed 
with an extended tail. The boundary conditions (tracer injection point and 
sampling point) influence the shape of the c-curve (Levenspiel, 1977). The 
experiments performed here were represented by the closed vessel case since 
no tracer exists at the inlet at the start of the experiment and a change in the 
flow pattern occurs at the boundaries. In the open vessel case, the flow passes 
the boundary points without being disturbed. Even though analytic solutions to 
the closed vessel case are not available, the mean and variance can still be 
determined. Since the equation of the theoretical curves for the open vessel
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case is given (Levenspiel, 1977), the experimental data was used to develop 
the theoretical curves based on this case (Figures 8.1 - 8.24).
Wang and Chen (1995) have suggested a new solution (mixing-cell 
concept) for describing the convective-dispersive phenomena. Their model 
(Equation 6 .8 ) is an ntf?-order ordinary differential equation developed from the 
one-dimensional convective-dispersive equation based on the mixing-cell 
concept. The solution to the equation represents the concentration of the 
substance as a function of time and distance reflected in the parameter n. The 
mixing-cell theory is based on the conservation of mass for water and solute 
and the assumption of complete mixing within a cell.
7.8 Longitudinal Dispersion And Flow Rate Relationship
Longitudinal dispersion was correlated with the flow rate for each 
experimental aspect ratio. The flow rate for a particular aspect ratio was the 
independent variable and each corresponding longitudinal dispersion value was 
the dependent variable resulting in a simple linear regression analysis 
(Appendix C). A first order linear trendline was fit to the data resulting in a 
regression equation with a specified coefficient of determination (r2) value 
providing a measure of the goodness of fit of the regression equation to the 
experimental data.
7.9 Longitudinal Dispersion And Aspect Ratio Relationship
To perform a correlation between the longitudinal dispersion number and 
aspect ratio, a constant flow rate was considered. Not all flow rates were
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repeatable for each aspect ratio, since decreasing the aspect ratio results in an 
increase in effective volume resulting in an unrealistically long hydraulic 
residence time. The experimental flow rates that were used were based on 
hydraulic residence times similar to residence times expected in the field for 
each of the varying aspect ratio arrangements. Therefore, the aspect ratio was 
labeled as the independent variable and the longitudinal dispersion number 
was the dependent variable for a specified flow rate range. A first order linear 
trendline was fit to the data and the corresponding coefficient of determination 
was given.
7.10 Longitudinal Dispersion and Interstitial Velocity Relationship
The interstitial velocity is a function of both the flow rate and aspect ratio 
as well as the porosity and depth of the system. However, the porosity of the 
media was assumed constant since clean water is used, and the depth was 
maintained at 1 ft. throughout the experiments. The interstitial velocity, 
determined by dividing the flow rate by the cross-sectional area was the 
independent variable and the longitudinal dispersion number was the 
dependent variable. A first order linear trendline was fit to the data and a 
resulting coefficient of determination was calculated.
7.11 Longitudinal Dispersion And Hydraulic Residence Time Relationship
The hydraulic residence time is a function of the flow rate and effective 
system volume. A regression analysis was performed with longitudinal 
dispersion as the dependent variable and hydraulic residence time as the
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independent variable. A first order linear trendline was fit to the data and the 
resulting coefficient of determination was calculated.
7.12 Normalized Critical Velocity Where Relationship Emerges
In order to find the critical velocity where the relationship between 
longitudinal dispersion and interstitial velocity emerges, the interstitial velocity 
values for each experiment were normalized. This technique was performed by 
dividing the interstitial velocity data of every aspect ratio experiment by the first 
interstitial velocity value of that experiment. To develop this relationship, the 
normalized velocity was the independent variable and the dispersion number 
was the dependent variable. Again, a first order linear trendline was fit to the 
data and the coefficient of determination was calculated.
7.13 Comparing Longitudinal Dispersion Coefficients In The Bench-scale 
Model And The Field SFCW’s
Before the dispersion coefficients of the field studies can be compared to 
those of the lab experiments, the scale ratio discussed in chapter six must be 
applied. The dispersion coefficient was determined from the dimensionless 
dispersion number of the system by multiplying by the interstitial velocity and 
length. The aspect ratio’s of the field and lab systems were matched, and a 
flow rate and corresponding dimensionless dispersion number were selected 
from the results. The scale ratio was calculated by substituting experimental 
parameters of the field and lab tracer studies in equation 6.35. This scale ratio 
was then multiplied by the experimental lab dispersion coefficient to obtain the 
expected field dispersion coefficient.
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8.0 Results and Discussion
8.1 Calculated Bench-scale Dispersion Numbers
The dimensionless dispersion number for each of the 25 bench-scale 
model tracer experiments was calculated using equation 6.4. These results are 
shown in Table 8.1. An example of the calculation procedure are experimental 
data are located in Appendix B.
Table 8.1: Longitudinal dispersion numbers for each experiment
HRT Ar = 6:1 Ar = 3:1 Ar = 2:1 Ar = 1:1
COII<
48 - - 0.125 0.283 0.275
36 0.149 0.154 0.126 0.161 0.232
24 0.196 0.173 0.156 0.229 0.227
1 2 0.107 0.183 0.137 0 . 2 0 0 0.226
8 - - - - 0.236
6 0.183 0.345 0.300 0.219 -
3 0.290 - 0.267 - -
HRT: hydraulic residence time, Ar: aspect ratio
8.2 Calculated Dispersion Coefficients For Bench-scale And Field 
Systems
The dispersion coefficient (Ds) required for modeling a constructed 
wetland with a series of mixed reactors is calculated by multiplying the 
dimensionless dispersion number by the system’s interstitial velocity and 
length. The units of the dispersion coefficient are length squared overtime. 
Table 8.2 shows the dispersion coefficient for each experiment performed in the 
bench-scale system, and Table 8.3 shows the dimensionless dispersion 
number, D/vL, and the dispersion coefficient, Ds (fP/hr), for the Baton Rouge 
Zoo SFCW and the Carville SFCW field studies.
55
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Table 8.2: Bench-scale model dispersion coefficients
HRT Ar = 6:1 > —i ii CO Ar = 2:1 Ar = 1:1 Ar = 3:4
48 0.094 0 . 2 2 0 0.206
36 0.147 0.154 0.126 0.161 0.232











HRT: hydraulic residence time, Ar: aspect ratio
Table 8.3 shows the dimensionless dispersion number, D/vL, and the 
dispersion coefficient, Ds (f^/hr), for the Baton Rouge Zoo SFCW and the 
Carville SFCW field studies
Table 8.3: Field dimensionless dispersion numbers and dispersion
coefficients
Ar D/vL Ds(fT7hr)
BRZ 5:1 0.078 575
CRV 3:1 0.119 57
BRZ: Baton Rouge Zoo SFCW study, CRV: Carville SFCW study, Ar: 
aspect ratio, D/vL: dispersion number, Ds: dispersion coefficient
8.3 Theoretical Curves Developed With Levenspiel’s Solution For Open 
Vessels
Since Levenspiel’s analytic solution is based on the open vessel 
boundary conditions, the theoretical curves produced using equation 6.5 do not 
represent the experimental data well. However, the theoretical curves 
developed from the experimental data and equation 6.5 for each aspect ratio 
and flow rate are given in Figures 8.1-8.24 for a comparison to Wang and 
Chen’s mixing-cell concept (equation 6 .8 ). In each figure, the coefficient of
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determination (rA2 ) representing the goodness of fit of the theoretical curve to 
the experimental data, is given. The variable “a” represents the calculated 
dimensionless dispersion number (D/vL) for these theoretical cun/es.
Use of LevenspiePs analytic solution requires the concentration to be 
normalized and the hydraulic residence time to be given in dimensionless form. 
This is performed by dividing each time increment by the centroid (t) to obtain 
t6i and each concentration by the area under the curve (CxAt) to obtain Ce with 
units of time'1. Figures 1-24 located in Appendix E show the fit between the 
theoretical curves and the experimental data collected for each aspect ratio 
arrangement. Figure 24 in appendix E shows a poor fit between the analytic 
solution for the open vessel condition and the experimental data from the 
Carville study. This solution did not fit the data from the Carville tracer study 
very well with a small r2 value of 0.16, and could not be used to fit the Baton 
Rouge Zoo tracer study data at all.
8.4 Theoretical Curves Developed With Wang And Chen’s Solution To 
The Convective Dispersive Equation
Wang and Chen’s mixing-cell solution results in a good fit between the 
experimental data and the theoretical curves. To plot the theoretical curves for 
equation 6 .8 , a first guess for the number of mixing cells (n) must be assumed. 
The variable “a” in Figures 25 - 92 (Appendix E) represent the first moment of 
the theoretical curve which indicates the theoretical hydraulic residence time or 
centroid of the curve. For each of the experiments, the curves are developed
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with different n values to locate the curve which best fits the experimental data. 
In some cases, the theoretical solution attempts to weight the data in the tailing 
end of the curve too heavily, causing a flattened, lower curve. Also, where the 
n assumptions are to high and cause the theoretical curve to approach plug 
flow, thus misrepresenting the experimental data. Wang and Chen’s model 
also predicts the Baton Rouge Zoo (0.95) and Carville (0.78) tracer study data 
very well.
Predictions using Wang and Chen’s mixing cell solution fit the 
experimental data very well with most of the r2 values above 0.7. It is clear 
from these experimental curves that the system is operating under partially 
mixed conditions since the number of mixing cells needed to represent the 
experimental data is small (range = 2-4) for each experiment. It appears that 
Wang and Chen’s model may provide a physically realistic description of the 
flow condition in SFCWs. Treating a SFCW as a series of CSTR’s, Wang and 
Chen’s model can be used to more accurately describe the solute transport 
process than the currently used plug flow model. The dispersion coefficient, 
system length, and interstitial velocity can be used to determine the number of 
CSTR’s needed to describe the SFCW. An estimate of the dispersion 
coefficient will be possible with the relationships developed in this research. 
Although it is assumed that alternative models are difficult to solve, the 
convective-dispersive equation can be simplified if the parameters for 
dispersion and interstitial velocity are known.
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8.5 Longitudinal Dispersion And Flow Rate Relationship
The first relationships developed were between the dispersion number 
and flow rate for each of the aspect ratio arrangements. Table 8.4 gives the 
regression equation and corresponding coefficient of determination for each 
aspect ratio arrangement. Only the equations of the 6 :1 , 3:1, and 2:1 aspect 
ratio's had coefficients of determination that were high enough to indicate that 
the equations estimate the data well.
Table 8.4: Dispersion number and flow rate regression results
Aspect Ratio Regression Equation r*
6 : 1 y = 0.0003x + 0.1277 0.64
3:1 y = 0.0005x +0.1047 0.93
2 : 1 y = 0 . 0 0 0 1  x + 0.1266 0 . 6 6
1 :1 y = 0.00002X +0.2286 0 . 0 2
3:4 y =-0.00001 x+  .2507 0.09
r*: coefficient of determination
The correlation between longitudinal dispersion number and flow rate 
with an aspect ratio of 6:1 is shown in Figure 8.1. These results produce a 
trend of increasing dispersion with increasing flow rate for a flow rate range of 
36 ml/min to 436 ml/ min when the aspect ratio is large. However, this trend is 
not very strong and would likely not be detected if only low flow rates are 
considered. When the aspect ratio is set to 3:1, a trend of increasing 
dispersion with increasing flow rate for a flow rate range of 36 ml/min to 436
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ml/min is developed (Figure 8.2). If the higher flow rate is not considered, this 
trend is not as evident. Figure 8.3 shows a trend of increasing dispersion with 
increasing flow rate for a flow range of 82 ml/min to 1308 ml/min at an aspect 
ratio of 2:1. The trend would not be evident if the higher flow rates are not 
considered. When the aspect ratio is decreased to 1:1 (Figure 8.4) with a flow 
rate range of 164 ml/min to 1308 ml/min, the trend of increasing dispersion with 
increasing flow rate ceases. Figure 8.5 also shows no apparent trend between 
dispersion and flow rate for a flow rate range between 218 ml/min and 1308 
ml/min when the aspect ratio is decreased to 3:4.
In general, dispersion tends to have a greater dependence on flow rate 
at aspect ratio’s above 1 :1 since no relationship between dispersion and flow 
rate is achieved at the lower flow rates. For the experiments performed with 
aspect ratio arrangements greater than 1 :1 , the dispersion number increases 
with increasing flow rate. It was expected that at low flow rates the dispersion 
would be higher because the longer residence time would allow more time for 
spreading and mixing of the tracer. At higher flow rates, it was expected that 
the tracer would travel through the porous media as a packet, closer to the plug 
flow condition, with less spreading and mixing occurring. In contrast, the 
dispersion number tends to increase with increasing flow rate. This 
phenomena could be explained by preferred flow during high flow rates that 
allow some tracer to reach the sampling point very quickly, and dead zones 
occurring where the tracer becomes trapped for some time and then re-emitting 
the tracer after a delay.
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Figure 8.2: Longitudinal dispersion vs flow rate for Ar = 3:1
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Figure 8.3: Longitudinal dispersion vs flow rate for Ar = 2:1
0.3







y = -2E-05x + 0.2286 
R2 = 0.02220.05 -
0 500 1000 1500
Flow Rate (ml/min)
Figure 8.4: Longitudinal dispersion vs flow rate for Ar = 1:1
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Figure 8.5: Longitudinal dispersion vs flow rate for Ar = 3:4
8.6 Longitudinal Dispersion And Aspect Ratio Relationship
To determine if the aspect ratio was a controlling factor on the dispersion 
number, the experimental flow rates of all the experiments were grouped into 
flow rate ranges. In Figures 8 . 6  - 8.11 the corresponding constant flow rate 
ranges maintained are 35- 100 ml/min, 109 ml/min, 163-218 ml/min, 327 - 
436 ml/min, 600-872 ml/min, and 1300 ml/min, respectively. Table 8.5 gives 
the regression equation and corresponding coefficient of determination for each 
of the flow rate ranges. Only the higher flow rate ranges had high coefficients 
of determination indicating that the equations were estimating the experimental 
data very well.
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For the lowest flow rate range (Figure 8 .6 ), a slight increase in 
longitudinal dispersion is detected with an increase in aspect ratio. This is not 
the expected result, since the flow rate is held constant and the system volume 
is reduced when the aspect ratio is increased effectively increasing the 
interstitial velocity. It was expected that as aspect ratio was increased and 
interstitial velocity increased, the dispersion number would decrease. However, 
this same phenomena occurred previously when considering the relationship 
between the dispersion number and flow rate.
Table 8.5: Dispersion number and aspect ratio regression results
Q (ml/min) Regression Equation r*
35-100 y = 0 .0 1 0 1 x + 0.1128 0.51
109 y = -0.0088x +0.1673 0.29
162-218 y = -0.0123x + 0.2369 0.17
327-436 y = 0.0176x + 0.2006 0.23
600-872 y = 0.0589x +0.1749 0.61
1300 y = 0.0306x + .2019 0.73
Q: flow rate, r1: coefficient of determination
For the highest flow rates (Figure 8.10 - 8.11), an increase in longitudinal 
dispersion with increasing aspect ratio is again detected with r2 values of 0.61 
and 0.73 for the regression equations. These higher coefficients of 
determination indicate that the equations predict the experimental data well. As
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aspect ratio is increased from 2 : 1  to 6 :1 , consequently reducing the system 
volume and increasing the interstitial velocity, the dispersion number has a 
tendency to increase. Preferred flow channels may develop when the 
interstitial velocity reaches a certain magnitude and some of the tracer may 
become trapped in dead zones, causing some of the tracer to reach the 
sampling point quickly and some after a delay. The overall result would be a 
greater spread on the c-curve and a higher dispersion number.
In Figures 8.7 - 8.9, no apparent relationship exists between longitudinal 
dispersion number and aspect ratio since the coefficient of determination 
values are so small.
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Figure 8.6: Longitudinal dispersion vs aspect ratio for Q = 35-100 
ml/hr
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Figure 8.8: Longitudinal dispersion vs aspect ratio for Q = 163-218 
ml/hr
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Figure 8.10: Longitudinal dispersion vs aspect ratio for Q = 1300 ml/hr
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Figure 8.11: Longitudinal dispersion vs aspect ratio for Q = 600-872 
ml/hr
8.7 Longitudinal Dispersion And Interstitial Velocity Relationship
Since the interstitial velocity is a function of the flow rate and the 
effective cross-sectional area of the system, the results are similar to the 
relationship between longitudinal dispersion and flow rate when the aspect ratio 
is held constant. The coefficients of determination are high for the 6:1, 3:1, and 
1 :1  aspect ratio’s indicating that those equations estimate the data well.
Figures 8.12-8.16 show the results of the relationship between longitudinal 
dispersion and interstitial velocity for each aspect ratio arrangement. Figure 
8.17 shows this relationship for all of the aspect ratio arrangements plotted on
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one chart. Table 8 . 6  gives the regression equations and corresponding 
coefficient of determination associated with the longitudinal dispersion and 
interstitial velocity relationship for each aspect ratio.
Table 8.6: Dispersion number and interstitial velocity regression results
Aspect ratio Regression Equation
6 : 1 y = 0.072x + 0.1277 0.64
3:1 y = 0.2273x +0.1047 0.93
2 : 1 y = 0.0866x + 0.1266 0 . 6 6
1 :1 y = -0.0199x +0.2286 0 . 0 2
3:4 y = -0.0214X + .2507 0.09
6 :1-3:4 y =-0.0561 x + . 1773 0.23
Q: flow rate, r*: coefficient of determination
In general, when the aspect ratio is large (6:1, 3:1, and 2:1), an 
increasing longitudinal dispersion with increasing interstitial velocity exists 
(Figures 8.12-8.14) indicating the development of preferred flow channels and 
dead zones at interstitial velocities of this magnitude. However, this trend is not 
evident if the higher velocities are not considered. Therefore, it is important to 
find the critical velocity at which the relationship between longitudinal dispersion 
and interstitial velocity begins to develop.
The increasing dispersion with interstitial velocity is not evident when the 
aspect ratio is decreased to 1:1 and 3:4 (Figures 8.15 - 8.16). When the aspect 
ratio is decreased from 2 : 1  to 1 :1 , the width of the bench-scale model is
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doubled which results in a larger cross-sectional area and decreases the 
interstitial velocity when considering experiments with the same hydraulic 
residence times. When the aspect ratio of the bench-scale model is decreased 
to 3:4, the cross-sectional area is further increased, thus further reducing the 
interstitial velocity and increasing the effective volume. When the aspect ratio 
is low, the interstitial velocity is lowered and the dispersion number does not 
increase. It is evident both from the dispersion and flow rate relationship and 
the dispersion and interstitial velocity relationship that the interstitial velocity 
does not control the dispersion number after the aspect ratio is decreased 
beyond 2:1. No relationship is evident when the data of all aspect ratio 
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Figure 8.12: Longitudinal dispersion vs interstitial velocity, Ar = 6:1
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Figure 8.14: Longitudinal dispersion vs interstitial velocity, Ar = 2:1
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Figure 8.15: Longitudinal dispersion vs interstitial velocity, Ar = 1:1
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Figure 8.16: Longitudinal dispersion vs interstitial velocity, Ar -  3:4
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Figure 8.17: Longitudinal dispersion vs interstitial velocity 
for all experimental data
Rank 1 Eqn 21 y=a+beA(-x) 












Figure 8.18: Longitudinal dispersion and interstitial velocity relationship 
for the aspect ratios 6:1, 3:1, and 2:1
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When only the first three aspect ratio (6:1, 3:1, 2:1) are considered, an 
exponentially increasing relationship between dispersion number and interstitial 
velocity exists (Figure 8.18). The equation defining this relationship is
y = a + bel~x) (8.1)
where variables a and b are curve fitting coefficients with a = 0.319 and b = 
0 . 2 1 2  and with a coefficient of determination of 0 .6 .
8.8 Critical Velocity Where Relationship Intensifies
A relationship between interstitial velocity and longitudinal dispersion is 
not recognized until some critical velocity is reached. In figures 8.19-8.24, each 
interstitial velocity is divided by the first interstitial velocity in a normalization 
effort to reveal the critical velocity at which a relationship develops. For aspect 
ratios 6:1, 3:1, and 2:1, the increasing longitudinal dispersion with interstitial 
velocity relationship tends to strengthen beyond a normalized interstitial velocity 
unit of 3. At a normalized velocity of 3 units, the experimental velocity at aspect 
ratio's of 6:1 and 3:1 is approximately 0.5 ft/hr. At aspect ratios of 2:1 to 3:4, 
the critical velocity is approximately 0.4 ft/hr. It is concluded that the critical 
velocity where a relationship between interstitial velocity and the dispersion 
number begins to develop ranges from 0.4 to 0.5 ft/hr.
By recognizing the parameter controlling the dispersion number occurs 
at some critical velocity, it is possible to determine which of the parameters, 
flow rate or aspect ratio, will control the SFCW design.












Figure 8.19: Longitudinal dispersion vs normalized interstitial velocity 
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Figure 8.20: Longitudinal dispersion vs normalized interstitial velocity 
for Ar = 3:1
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Figure 8.21: Longitudinal dispersion vs normalized interstitial velocity 




y = -0.0025*+0.2286 
R2 = 0.02220.05
0 2 4 6  8
Wv 1
Figure 8.22: Longitudinal dispersion vs normalized interstitial velocity 
for Ar = 1:1

















Figure 8.23: Longitudinal dispersion vs normalized interstitial velocity 







3  0.1 
‘5
j j  0.05
y = 0.0093x+0.1493 
R2 = 0 0674
0 5 10 15
v/v 1
Figure 8.24: Longitudinal dispersion vs normalized interstitial velocity for 
all the experimental data
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8.9 Longitudinal Dispersion And Hydraulic Residence Time Relationship
Since a strong relationship between longitudinal dispersion and 
interstitial velocity was not realized, a relationship between longitudinal 
dispersion and hydraulic residence time was developed (Figures 8.25-8.29).
The hydraulic residence time has an inverse relationship with interstitial velocity 
and system length. The 6:1, 1 :1 , and 3:4 aspect ratio experiments (Figures 
8.25, 8.26-8.27) do not produce a strong relationship between dispersion 
number and hydraulic residence time, but a relationship is developed for the 3:1 
and 2:1 aspect ratio experiments. In these two experiments, dispersion number 
tends to increase with hydraulic residence time. Table 8.7 shows the 
regression equations and corresponding coefficient of determination associated 
with the longitudinal dispersion number and hydraulic residence time 
relationship for each aspect ratio.
Table 8.7: Dispersion number and hydraulic residence time regression
results
Aspect Ratio Regression Equation i4
6:1 y = -0.0022x + 0.2209 0.20
3:1 y = -0.0051x+0.3133 0.59
2:1 y = -0.0033x + 0.2568 0.60
1:1 y = 0.0011x+0.1923 0.16
3:4 y = -0.0006X + .2267 0.30
r̂ : coefficient of determination
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Figure 8.26: Longitudinal dispersion vs hydraulic residence time for Ar 
= 3:1
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Figure 8.28: Longitudinal dispersion vs hydraulic residence time for 
Ar= 1:1








0 10 20 30 40 50
HRT (hrs)
Figure 8.29: Longitudinal dispersion vs hydraulic residence time for Ar 
= 3:4
When considering only the first three aspect ratios (6:1, 3:1, and 2:1) an 
exponentially decaying relationship is realized. This relationship between 
longitudinal dispersion and hydraulic residence time (hrs) has a coefficient of 
determination of 0.6, and is shown in Figure 8.30. The exponential decaying 
equation representing the experimental data is
D/ v L  = a + be{~c'HRT) (8.2)
where a, b, and c are the curve fitting coefficients with a = 0.144, b = 0.247, 
and c = 0.157.
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Rank 1651 Eqn 8099 [Decay 1] y=a+bexp(-cx) 














Figure 8.30: Longitudinal dispersion and hydraulic residence time 
relationship for aspect ratio's 6:1, 3:1, and 2:1
8.10 Analysis Of Variance
One-way analysis of variance was performed on groups of the 
dispersion numbers to determine if a statistically significant relationship exists 
between dispersion and aspect ratio and dispersion and interstitial velocity. No 
significant relationship was found between dispersion and aspect ratio when all 
data were included in the analysis. Dispersion numbers were not normally 
distributed within each aspect ratio; therefore, the Kruskal-Wallis one way 
analysis of variance on ranks was utilized (Table 8 .8 ). The Kruskal-Wallis test
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
statistic H is computed as 4.35 (P = 0.361) by ranking the observations from 
smallest to largest without regard for treatment group and comparing the 
average value of the ranks for each treatment group (Jande! Scientific, 1994). 
The median observation is the largest value of the smallest half of the 
observations and has an equal number of observations greater than and less 
than that observation. The 25% and 75% points define the upper and lower 
tails of the observed values. The conclusion of the test was that the differences 
in the median values among the treatment groups were not great enough to 
exclude the possibility that the differences were due to random sampling 
variability at the 36% level.
Table 8.8: Kruskal-Wallis One Way Analysis of Variance on Ranks
Group N Median 25% 75%
COni_< 5 0.183 0.138 0.219
Ar = 3 4 0.178 0.163 0.264
Ar = 2 6 0.146 0.126 0.266
Ar = 1 5 0.219 0.190 0.245
Ar = 0.75 5 0.236 0.230 0.254
H = 4.35 P = 0.361
N: size, Median: middle number, 25% and 75%: lower and upper 
observation tails, H: test statistic, P: P value
By contrast, a significant relationship was found between interstitial 
velocity and dispersion when the velocities were grouped into the following
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categories: 0.1-0.3 ft/hr, 0.3-0.5 ft/hr. and 0.5-1.2 ft/hr. Dispersion numbers 
were normally distributed within each grouping of flow rates; therefore, analysis 
of variance was utilized. The analysis of variance (Table 8.9) revealed that 
interstitial velocity was explaining a significant portion of the variability of the 
dispersion numbers. The differences in the mean values among the treatment 
groups were greater than what would be expected by chance. There was a 
statistically significant difference (P=0.022).
Table 8.9: One Way Analysis of Variance with grouped velocities
Group N Mean Std Dev SEM DF SS MS
v = 0.1-0.3 1 0 0.192 0.0563 0.0178 2 0.0288 0.01438
v = 0.3-0.5 5 0.174 0.0545 0.0244 19 0.0582 0.00306
v = 0.5-1.2 7 0.263 0.0545 0.0206 2 1 0.0870
F = 4.69 P = 0.022
N: size, Std Dev: standard deviation, SEM: standard error of the 
mean, DF: degrees of freedom, SS: sum of squares, MS: mean 
squares, F: test statistic, P: P value
The Student-Newman-Keuls method was used to identify differences 
between the treatments (Table 8.10). The q test statistic in this method is the 
number of rank sums spanned in the comparison. Traditionally, it is concluded 
that there are significant differences when P<0.05. Results indicated that the 
0.5-1.2 ft/hr treatment was significantly different than the lower two groupings of 
velocity. However, the 0.1-0.3 and 0.3-0.5 groups were not statistically different
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from each other. The analysis of variance provided statistical evidence that 
higher velocities increased dispersion in the tracer experiments.
Table 8.10: Student-Newman-Keuls Pairwise Multiple Comparison
Group q P<0.05
v = 0.5-1.2 vs v = 0.3-0.5 3.846 yes
v = 0.5-1.2 vs v = 0.1-0.3 3.638 yes
v = 0.1-0.3 vs v = 0.3-0.5 0.839 no
q: test statistic, P: P value
Aspect ratio did explain a significant amount of variability when the high 
velocity data (v>0.5 ft/hr) were excluded from the analysis (Table 8.11). The 
differences in the mean values among the treatment groups were greater than 
what would be expected by chance (P=0.003).
Table 8.11: One Way Analysis of Variance
Group N Mean Std Dev SEM DF SS MS
> n 05 3 0.150 0.0446 0.02573 4 0.0333 0.00832
Ar = 3 3 0.170 0.0148 0.00854 13 0.0158 0 . 0 0 1 2 1
CMiii—< 4 0.136 0.0144 0.00719 17 0.0491
Ar = 1 4 0 .2 2 1 0.0558 0.02791
Ar = 0.75 4 0.245 0.0217 0.01086
F = 6.85 P = 0.003
N: size, Std Dev: standard deviation, SEM: standard error of the 
mean, DF: degrees of freedom, SS: sum of squares, MS: mean 
squares, F: test statistic, P: P value
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
Comparisons of means using the Student-Newman-Keuls method 
indicated that the 1:1 and 3:4 aspect ratio dispersion numbers were significantly 
greater than the higher aspect ratios (6:1, 3:1 and 2:1) but were not significantly 
different from each other(Table 8.12). If a group was found not to be 
significantly different from another group, all groups with ranks in between the 
rank sums of those two groups are also assumed not significant resulting in no 
test performed for those groups. These analyses of variance provided 
statistical evidence that higher flow rates and lower aspect ratios both act to 
increase dispersion in constructed wetlands.
Table 8.12: Student-Newman-Keuls Pairwise Multiple Comparison
Group q P<0.05
Ar = 0.75 vs Ar = 2 6.249 yes
Ar = 0.75 vs Ar = 6 5.016 yes
Ar = 0.75 vs Ar = 3 3.992 yes
Ar = 0.75 vs Ar = 1 1.384 no
Ar = 1 vs Ar = 2 4.865 yes
Ar = 1 vs Ar = 6 3.735 no
Ar = 1 vs Ar = 3 2.710 no test
Ar = 3 vs Ar = 2 1.793 no
Ar = 3 vs Ar = 6 0.958 no test
Ar = 6  vs Ar = 2 0.769 no test
q: test statistic, P: P value
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8.11 Tracer Recovery In The Bench-scale Model
Tracer recovery was computed using equation 7.1. Since this equation 
is based on an approximation of the area under the c-curve, computational 
error is unavoidable. Since the change in time is computed by a forward 
difference, the recovered concentration is over estimated at the highest 
concentrations until the peak concentration is reached. Also, if the equation 
representing the calibration of the fluorometer is a high estimate based on the 
calibration data, the recovered concentration will result in a high estimate. The 
tracer recovery calculated for most of the bench-scale experiments ranged from 
90% to 115%.
8.12 Baton Rouge Zoo Tracer Study Results
The tracer experiment at the Baton Rouge Zoo SFCW revealed a 
dimensionless dispersion number of 0.078 with an interstitial velocity of 19.8 
ft/hr and system length of 372 ft. With these results, the dispersion coefficient 
is calculated to be 575 f^/hr. This system had an aspect ratio of 5:1. The 
theoretical hydraulic residence time based on the initial flow rate of 165 gpm 
and the effective system volume was 10.4 hours. However, visible evidence of 
the peak concentration passing the sampling point was noted during a site visit 
after 20 hours had past. So, manual samples were taken in between automatic 
samples so that the peak concentration would not be missed. The actual peak 
concentration occurred at 24 hours which was 14 hours later than the 
theoretical hydraulic residence for this size system. An explanation may be that
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this system was designed with a ninety-degree turn at the center of the system. 
Some of the tracer may take the distant path around this outside corner causing 
a delay in the hydraulic residence time. In this case, inefficient use of the 
system, near the inside corner, results in less total surface area for treatment of 
the wastewater.
The centroid of the c-curve, or calculated hydraulic residence time, 
occurred at 31 hours (Figure 8.31). The peak concentration occurring earlier 
than the calculated hydraulic residence time is a direct result of the variance (or 
dispersion) associated with the c-curve. An explanation for the peak 
concentration occurring 14 hours later than the theoretical hydraulic residence 
time is that the flow rate (165 gpm) used to compute the hydraulic residence 
time over estimated the actual average flow rate of 142 gpm. Also, the design 
depth of 2  ft. used to calculate the effective volume was likely an underestimate 
of the actual construction depth of the system.
The calculated tracer recovery based on equation 7.1, the estimated 
concentration, and the estimated flow rate is 121%. A tracer recovery greater 
than 1 0 0 % reveals a likely over estimation of the flow rate during times when it 
was not recorded. At times when the flow rate was not recorded during a 
sampling event, the previous flow rate value was used in recovery calculation. 
Since the area under the c-curve (Cxdt) is multiplied by each flow rate and 
summed to determined the tracer recovery, a high estimate of flow rate during a
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Figure 8.31: Baton Rouge Zoo tracer study results
8.13 Carville Tracer Study Results
The dimensionless dispersion number for the Carville tracer study was 
calculated to be 0.119 with an interstitial velocity of 3.2 ft/hr and a system 
length of 150 ft resulting in a dispersion coefficient of 57 ft2/hr. The theoretical 
hydraulic residence time was calculated to be 41 hours based on the initial 
recorded flow rate of 22 gpm and the system’s effective volume. Therefore, the 
time increment was reduced at times near 41 hours. However, the peak 
concentration occurred at 16 hours during a time when the sampler was 
programmed to take samples at a higher time increment (Figure 8.32). The 
calculated HRT from the c-curve (centroid) was 25 hours. Since the actual 
peak concentration occurred 25 hours earlier than expected based on the
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theoretical HRT, few samples were taken as the peak concentration passed. 
The actual HRT is smaller than the theoretical HRT because of dispersion. The 
tracer recovery was calculated to be 6 8 %.
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Figure 8.32: Carville SFCW tracer study results
The results of a tracer study performed in 1990 at the SFCW at Carville, 
LA are presented in Figure 125. This tracer study, using lithium chloride, did 
not exhibit ideal plug flow. The longitudinal dispersion calculated from this data 
set was 0.054 and the hydraulic residence time based on the centroid of the c- 
curve was calculated to be 43.5 hours. The theoretical hydraulic residence 
time calculated with the actual flow, measured porosity, and cell dimensions 
was 48 hours. And, the peak concentration was reached at a hydraulic 
residence time of 36 hours.
The dispersion number calculated from this c-curve is much smaller than 
the dispersion number (0.119) calculated from the c-curve of the tracer study
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performed in this research (Figure 8.33). As noted earlier, the aspect ratio was 
decreased when the 1991 experiment was performed. This outcome 
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Figure 8.33: 1990 lithium chloride tracer study at 
Carville, LA
8.14 Scale Ratio And Comparison Of Bench-scale Model Results And 
Field SFCW Results
The bench-scale SFCW model was used to predict the dispersion 
numbers and dispersion coefficients of the two field systems based on their 
flow characteristics using the dispersion and HRT relationship, the dispersion 
and interstitial velocity relationship, and the dispersion and flow rate 
relationship (Table 8.13). With the hydraulic residence time relationship 
(Equation 8.2), the dispersion number in the bench-scale model is compared to 
the dispersion number calculated from the experimental data of the Baton
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
Rouge Zoo SFCW tracer study. With an actual hydraulic residence time of 24 
hours, an aspect ratio of 5:1, and substitution into equation 8.2, the dispersion 
number is calculated to be 0.149 which does not compare well with the 
experimental dispersion number of 0.078. However, using the same 
relationship with a theoretical HRT of 16 hours for the Carville system with an 
aspect ratio of 3:1, the dispersion number is calculated to be 0.164 which does 
compare with the experimental dispersion number of 0.119.
To compare the results of the longitudinal dispersion verses interstitial 
velocity, the scale down value of 1 0  is selected and applied to the velocity of 
3.2 ft/hr in the Carville field system to obtain an interstitial velocity which falls 
within the applicable range of the relationship. Since the aspect ratio is 3:1, 
Figure 8.106 and an interstitial velocity of 0.32 ft/hr are used to find a 
dimensionless dispersion number of 0.177. The dispersion coefficient is 0.568 
ft/hr per unit length of the bench-scale system and is computed by multiplying 
the bench-scale interstitial velocity and scaling that value back up by 1 0  to 
compare to the field system. The dispersion coefficient per unit length of the 
field system compares at 0.381 ft/hr. Similarly, for the Baton Rouge Zoo field 
study, the actual dispersion coefficient per unit length was 5.3 and the 
predicted value in the bench-scale model was 1.5.
A comparison between the dispersion numbers of the bench-scale 
model and the Carville field study is found by selecting a flow rate of 200 ml/min 
from figure 8.95 with an aspect ratio of 3:1 like that of the Carville system.
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From the regression equation, the dimensionless dispersion number is 0.205, 
and with the experimental velocity of 0.58 ft/hr, the dispersion coefficient per 
unit length is 0.119 ft/hr. The scale ratio between the bench-scale mode! and 
the Carville SFCW is then computed using Equation 6.37 as follows
D f,ew f  (2 /O G /O V  69644ml / = 7 (8.3)
D ub V 200ml fm A  (50f t){2 ft)  )
where the media type in both systems are the same and the porosity (n) and 
grain size (d) in the two systems are assumed equal. Differences in the 
dispersion of the bench-scale and field systems may be explained by the actual 
differences in the porosity and size of the media. Multiplying the dispersion 
coefficient per unit length of the bench-scale system by the scale ratio results in 
a dispersion coefficient per unit length of 0.832 ft/hr compared to the field 
dispersion coefficient per unit length of 0.381 ft/hr. Similarly, the dispersion 
coefficient per unit length for the Baton Rouge Zoo study was calculated to be 
1.5 and the predicted value using the bench-scale SFCW was 2.7.
Table 8.13: Comparison of Baton Rouge Zoo and Carville SFCW tracer 
studies predicted and actual dispersion values
Relationship Baton Rouge Zoo Carville
Predicted / Actual Predicted / Actual
HRT D/vL = 0.149/0.078 D/vL = 0.164/0.119
V Ds/L = 5.3/1.5 Ds/L = 0.568 / 0.381
Q Ds/L =2.7 /1.5 Ds/L = 0.832 / 0.381
HRT: hydraulic residence time relationship, v: interstitial velocity 
relationship, Q: flow rate relationship
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9.0 Implications Of This Research
From the results of the SFCW bench-scale model and the field tracer 
studies, it is clear that plug flow kinetics do not apply to SFCW systems. 
However, the presumption that alternative models, which better describe the 
flow conditions, are difficult to solve and the necessary parameters are difficult 
to define, has led to the general acceptance of the plug flow model as an 
approximation of SFCW performance. Nonetheless, solutions to more 
sophisticated models are available, and the parameters needed to run the 
models can be defined with the application of fundamental research.
The results of this research offer a tool which can be used to estimate 
the relationship between the dispersion number and interstitial velocity as a 
function of the flow rate and aspect ratio which leads to an initial estimate of the 
dispersion coefficient for a system to be designed based on an alternative to 
the plug flow model. A system size requirement comparison is made between 
systems designed based on the plug flow equation and the convective- 
dispersive equation.
9.1 Design Comparison With And Without Dispersion
A comparison between the size requirement for a system with and 
without consideration of dispersion can be performed by designing a 
hypothetical system based on the plug flow model and the mixing-cell concept 
by Wang and Chen (1995). The following criteria are given for the design of a 
hypothetical SFCW (Table 9.1),
94
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Table 9.1: Hypothetical SFCW design data
Q C0 Ce depth n K k20 Temp. m
(m3/d) (mg/l) (mg/l) m (m3/m2d) °C
1 0 0 1 0 0 1 0 .61 0.38 25000 1.104 9 0.03
C0 and Ce are influent and effluent BOD5 concentration, n is porosity, K is 
hydraulic conductivity, k20 is the decay rate constant, and m is head
differential.
9.1.1 SFCW Design Based On Plug Flow Model
Using a water temperature of 9 °C and equation 5.9, the BOD rate 
constant is calculated as follows:
Kr = 1.104(1.06)(9’~2O") = 05815^”' (9.1)
The system surface area is determined using equation 5.8
go oH iK ioo /io )] =17Q8mI
(0-5815)(0.61)(0.38)
Dividing this surface area into three parallel cells gives a surface area of 569 m2 
for each cell. The minimum width is determined with equation 5.13
1 . 000/3X569)]
0.61 V (0.03)(25000/ 3)
The length of each cell is found with equation 5.11
569
L = —  = 39.8 m (9.4)
14.3
with an aspect ratio of 2.8:1. The interstitial velocity through a system this size 
is calculated as follows:
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Q 100m I d
v = — - —  = ----------------------- = 30.17 m i d  (9.5)
n- W- d  0.38- 14.3m-0.6 \m
and the hydraulic residence time is
HRT = -  = - 39Sm t = l.32days = 31.68hrs (9.6)
v 30.17m/a
9.1.2 Comparison Of Plug Flow And Partially Mixed SFCW Designs Using 
Wang and Chen’s Solution
The first step in designing the previous system based on Wang and 
Chen’s solution is to estimate a value for the dispersion using the hydraulic 
residence time of 31.68 hours from the solution above and Equation 8.1. This 
leads to a dispersion estimate of 0.146. Using the same interstitial velocity 
(30.67 m/d) and length (39.8 m) of the previous design the estimated dispersion 
coefficient is calculated to be 175 m2/d for this system. Next, the parameters k 
and n are determined from equations 6.13-6.14.
. 2(175m2 / d) n ,
^  =  15^ 7T  = u£m  (9 '7 )
k =  2(175nf l d )
(30.17w I d)2 v '
Substituting these parameters into equation 6 .8 , the number of mixing cells is
computed to be 4.7 by trial and error (Appendix D). Multiplying the number of
mixing cells (n) by the length of each mixing cell (Ax) gives the system design
length of 54.5 m. Therefore, assuming the system operates under partially
mixed conditions estimated by the dispersion number, the system’s length is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
required to be a total of 14.7 m longer than the length of a system designed to 
operate under plug flow conditions.
Wang and Chen’s model, based on the mixing cel! concept, is 
recommended for the design of SFCWs. By treating a SFCW as a series of 
CSTR’s, the nth order ordinary differential equation (Equation 6.15) was 
derived based on the principle of mass balance, convective-dispersive mass 
transfer, and Darcy’s law (Chen, 1995). The number of CSTR’s for the 
description of a particular wetland is determined by the dispersion coefficient, 
interstitial velocity, and system length. The major advantage of Wang and 
Chen’s model over the plug flow model is that it considers the impact of 
dispersion.
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10.0 Conclusions
A SFCW bench-scale model was designed and constructed for the 
purpose of determining the relationship between the longitudinal dispersion 
number and the interstitial velocity as a function of the flow rate and aspect 
ratio. Tracer studies were performed in the bench-scale SFCW with hydraulic 
residence times comparable to field systems Each of the experiments was 
performed with a different flow rate and aspect ratio combination. And the 
dispersion numbers for each condition were determined.
To compare how well different models are capable of estimating the 
experimental curves developed for SFCWs, the data from each experiment 
were used to develop theoretical curves. The two models considered were 
Levenspiel’s open vessel analytic solution and Wang and Chen’s mixing cell 
solution to the convective-dispersive equation. Based on the low coefficient of 
determination findings and the inaccurate boundary condition assumptions, 
Levenspiel’s solution is not applicable to SFCWs. However, for most of the 
experiments performed, the high coefficients of determination indicated that 
Wang and Chen’s solution is a viable model for designing SFCWs. The 
transport through SFCWs is better described by Wang and Chen’s model than 
Levenspiel’s analytic solution since it fails to predict the breakthrough and 
tailing of the tracer curves in the bench-scale experiments. It appears that 
Wang and Chen’s model may provide a physically realistic description of 
transport in SFCWs.
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The dimensionless dispersion numbers calculated from the bench-scale 
model tracer experiments ranged from 0.107 to 0.345. These values are 
comparable to the range of 0.11 to 0.38 in SFCWs cited by Kadlec, 1995. 
Empirical relationships between the longitudinal dispersion number, flow rate, 
aspect ratio, interstitial velocity, and hydraulic residence time were developed. 
The results indicated an increase in dispersion number with increasing flow rate 
for larger aspect ratios (6:1, 3:1, 2:1), revealing evidence of preferred flow 
channels and deadwater zones where tracer becomes trapped for some time 
and released after a delay. Also, as the aspect ratio was decreased, allowing a 
greater available area for preferred flow channels and dead water zones, the 
dispersion number increased. Since the interstitial velocity is a function of both 
the flow rate and the aspect ratio, interstitial velocity controls the dispersion 
number only at higher aspect ratios. However, when the aspect ratio is 
reduced beyond 2:1, the aspect ratio controls the dispersion number. As the 
hydraulic residence time is increased, the dispersion number is decreased by 
an exponentially decaying relationship up to a hydraulic residence time of about 
25 hours. Because of the occurrence of dispersion, the actual hydraulic 
residence time occurs earlier than the theoretical hydraulic residence time.
The statistical evidence of the research results indicated that as the 
aspect ratio decreases (becomes shorter and wider), the dispersion number 
increases. In fact, results of the Baton Rouge Zoo study (Ar = 5:1) and Carville 
study (Ar= 3:1) show an increase in dispersion number (0.078 to 0.119) as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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aspect ratio is decreased from 5:1 to 3:1. However, the statistical analyses 
also indicated that dispersion increases as the flow rate is increased, yet the 
dispersion number decreased as the flow rate per unit width and depth of the 
Carville system and Baton Rouge Zoo system increased from 3.3 ft/hr to 19.8 
ft/hr, respectively. The controlling factor, when comparing these two field 
systems, is likely the aspect ratio rather than the flow rate. Consequently, 
when aspect ratio is decreased, dispersion increases even though the flow rate 
is decreased. Therefore, the increasing dispersion number with decreasing 
aspect ratio was validated in the field, but the increasing dispersion with 
increasing flow rate was not.
Since “plug flow” clearly does not represent the flow condition occurring 
is in this type of system, SFCWs should be designed based on a partially 
mixed model. Wang and Chen’s model, based on the mixing cell concept, is 
recommended for application in the design of SFCWs. This research provides 
a valuable tool for applying alternative models to the design of SFCWs. With 
future systems designed with equations taking into consideration the effects of 
dispersion, system performance can be better modeled and water quality 
violations can be reduced.
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Rhodamine WT Dilutions 
Date: Nov. 14, 1995
Dye Dilutions Dilution A = 1 ml concentrated dye /1  L
Dl water
C
1 1m lA /1L
(micL/L)
1 0
2 100ml(10 L/L) / 200ml 5
3 80ml(10 L/L) / 200ml 4
4 100ml(5 L/L)/200ml 2.5
5 100ml(4 L/L) / 200ml 2
6  60ml(10 L/L) / 200 ml 3
7 100ml(3 L/L)/200ml 1.5
8  100ml(1.5 L/L)/200ml 0.75
9 100ml(2 L/L)/200ml 1
10 100ml(1 L/L)/200ml 0.5
11 20ml(0.5 L/L) / 200ml 0.05
12 100ml(0.5 L/L)/200ml 0.25
13 20ml(0.25 L/L)/200ml 0.025
14 2ml10 L/L) / 0 . 1
2 0 0 ml
Rhodamine WT 
Calibration













1 0 2.5 216
11 3 266
1 2 4 336
13 5 416























E o<5 o y=0.011x 
R? =0.9966
50 150 2000 100 250 300
Absorbance
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HRT = 3 hrs
Flow device'.peristallc pump
78.50304 L 
0.115192 gpm 436.00172 ml/m 26
Bkgd.










2 0:30 11:30 0.50 62 63
3 0:45 11:45 0.75 110 111
4 1:00 12:00 1.00 116 116
5 1:15 12:15 1.25 90 90
6 1:30 12:30 1.50 61 62
7 1:45 12:45 1.75 46 46
8 2:00 13:00 2.00 39 39
9 2:15 13:15 2.25 35 36
10 2:30 13:30 2.50 34 34
11 2:45 13:45 2.75 32 33
12 3:00 14:00 3.00 31 31
13 3:15 14:15 3.25 29 29
14 3:30 14:30 3.50 27 28
15 3:45 14:45 3.75 26 26
16 4:00 15:00 4.00 23 24
17 4:15 15:15 4.25 22 23
18 4:30 15:30 4.50 24 24
19 5:00 16:00 5.00 27 26
20 5:30 16:30 5.50 27 27
21 6:00 17:00 6.00 25 25
22 7:00 18:00 7.00 21 22
23 8:00 19:00 8.00 16 16
Avg.Abs. C(mlc.UL) NormC Cxdt txCxdt tA2*C*dt
0.00 0 0 0 0
4 4 0.04 0.0137694 0.011 0.00275 0.0006875
63 62.666667 0.69 0.21572 0.1723333 0.0861667 0.0430833
112 111 1.22 0.3820998 0.30525 0.2289375 0.1717031
116 116 1.28 0.3993115 0.319 0.319 0.319
90 90 0.99 0.3098107 0.2475 0.309375 0.3867188
62 61.666667 0.68 0.2122777 0.1695833 0.254375 0.3815625
46 46 0.51 0.1583477 0.1265 0.221375 0.3874063
39 39 0.43 0.1342513 0.10725 0.2145 0.429
35 35.333333 0.39 0.1216294 0.0971667 0.218625 0.4919063
33 33.666667 0.37 0.1158921 0.0925833 0.2314583 0.5786458
32 32.333333 0.36 0.1113024 0.0889167 0.2445208 0.6724323
31 31 0.34 0.1067126 0.08525 0.25575 0.76725
29 29 0.32 0.0998279 0.07975 0.2591875 0.8423594
28 27.666667 0.30 0.0952381 0.0760833 0.2662917 0.9320208
26 26 0.29 0.0895009 0.0715 0.268125 1.0054688
23 23.333333 0.26 0.0803213 0.0641667 0.2566667 1.0266667
23 22.666667 0.25 0.0780264 0.0623333 0.2649167 1.1258958
24 24 0.26 0.0826162 0.066 0.297 1.3365
26 26.333333 0.29 0.0906483 0.1448333 0.7241667 3.6208333
26 26.666667 0.29 0.0917958 0.1466667 0.8066667 4.4366667
25 25 0.28 0.0860585 0.1375 0.825 4.95
22 21.666667 0.24 0.0745841 0.2383333 1.6683333 11.678333

















24 9:00 20:00 9.00
t barA2 = ((sum txCxdt) / (sum Cxdt))A2 
sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 barA2 
sigthetaA2 = sig A2 / 1 barA2
sigthetaA2 = 2D / vL
10
tbar = 










linterstitial velocity (v = Q/nAc) 











SFCW Bench-scale model sampling plan Ar =
length = 6 ft HRT = 6 hrs
width = 1 ft Flow device:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 2.772 ftA3 78.50304 L
Q = 0.007754 ftA3/m 0.058 gpm 219.53 ml/m
hrt = 5.958206 hrs 
9












sample# time past 24 hr time t(hrs) Abs Avg. Abs. C(micUL) Norm.C Cxdt txCxdt tA2*C*dt
Bkgd. 0:00 13:30 0 3 3 3 3 0.00 0 0 0 0
1 1:00 14:30 1 6 6 6 6 0.07 0.028651 0.066 0.066 0.066
2 2:00 15:30 2.00 4 4 3 3.666667 0.04 0.017509 0.0403333 0.0806667 0.16133
3 2:30 16:00 2.50 7 7 7 7 0.08 0.0334262 0.0385 0.09625 0.24062
4 3:00 16:30 3.00 14 14 14 14 0.15 0.0668524 0.077 0.231 0.693
5 3:30 17:00 3.50 22 22 22 22 0.24 0.1050537 0.121 0.4235 1.48225
6 4:00 17:30 4.00 26 26 26 26 0.29 0.1241544 0.143 0.572 2.288
7 4:30 18:00 450 28 28 28 28 0.31 0.1337047 0.154 0.693 3.1185
8 5:00 18:30 5.00 28 28 28 28 0.31 0.1337047 0.154 0.77 3.85


















10 5:30 19:00 5.50 25 25 25 25 0.28 0.1193792 0.06875 0.378125 2.0796875
11 5:45 19:15 5.75 23 23 23 23 0.25 0.1098289 0.06325 0.3636875 2.0912031
12 6:00 19:30 6.00 22 22 22 22 0.24 0.1050537 0.0605 0.363 2.178
13 6:15 19:45 6.25 20 21 20 20.33333 0.22 0.0970951 0.0559167 0.3494792 2.1842448
14 6:30 20:00 6.50 18 18 18 18 0.20 0.085953 0.0495 0.32175 2.091375
15 6:45 20:15 6.75 16 16 16 16 0.18 0.0764027 0.044 0.297 2.00475
16 7:00 20:30 7.00 15 15 16 15.33333 0.17 0.0732193 0.0421667 0.2951667 2.0661667
17 7:30 21:00 7.50 15 15 15 15 0.17 0.0716275 0.0825 0.61875 4.640625
18 8:00 21:30 8.00 14 14 14 14 0.15 0.0668524 0.077 0.616 4.928
19 8:30 22:00 8.50 12 12 12 12 0.13 0.057302 0.066 0.561 4.7685
20 9:00 22:30 9.00 10 10 10 10 0.11 0.0477517 0.055 0.495 4.455
21 10:00 23:30 10.00 9 8 8 8.333333 0.09 0.0397931 0.0916667 0.9166667 9.1666667
22 12:00 1:30 12.00 7 7 7 7 0.08 0.0334262 0.154 1.848 22.176
23 15:00 4:30 15.00 7 7 8 7.333333 0.08 0.0350179 0.242 3.63 54.45
24 18:00 7:30 18.00 



















interstitial velocity (v = Q/nAc)
sigthetaA2 = sig A2 / 1 bar*2
sigthetaA2 = 2D / vL
sigthetaA 0.366682 
2=
v = 1.0070144 ft/hr
Dispersion coeficient
D = 1.107762 ftA2/hr
D/vL = 0.183341 dimensionless
SFCW Bench-scale model sampling plan Ar = 6
length = 6 ft HRT = 12 hrs
width = 1 ft Flow device:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 2.772 ftA3 78.50304 L
Q = 0.003877 ftA3/m 0.029 gpm 109.765 ml/m
hrt = 11.916414 hrs
study = 35.749241 hrs Time meas. Q
11:30 109 ml/m 6.54 L/h


























# hrs past time t (hrs) Asorbance Avg.Abs. C(mic.UL) Norm.C Cxdt txCxdt tA2*C*dt
1 1:00 12:00
0









2 4:00 15:00 4.00 16 16 16 16 0.18 0.0051597 0.528 2.112 8.448
3 6:00 17:00 6.00 41 42 42 42 0.46 0.0134367 0.9166667 5.5 33
4 8:00 19:00 8.00 127 128 127 127 1.40 0.0410624 2.8013333 22.410667 179.28533
5 9:00 20:00 9.00 185 184 186 185 2.04 0.0596588 2.035 18.315 164.835
6 9:30 20:30 9.50 214 215 216 215 2.37 0.0693331 1.1825 11.23375 106.72063
7 10:00 21:00 10.00 233 238 238 236 2.60 0.0762127 1.2998333 12.998333 129.98333
8 10:30 21:30 10.50 241 245 246 244 2.68 0.0786851 1.342 14.091 147.9555
9 11:00 22:00 11.00 242 246 246 245 2.69 0.0789 1.3456667 14.802333 162.82567
10 11:20 22:20 11.33 245 248 246 246 2.71 0.0794375 0.89419 10.131173 114.78619
11 11:40 22:40 11.67 246 247 246 246 2.71 0.0794375 0.9212867 10.751416 125.46902
12 12:00 23:00 12.00 250 249 250 250 2.75 0.0805124 0.90629 10.87548 130.50576
13 12:20 23:20 12.33 249 252 250 250 2.75 0.0807274 0.90871 11.204394 138.15018
14 12:40 23:40 12.67 226 229 228 223 2.45 0.071913 0.83402 10.567033 133.88431
15 13:00 0:00 13.00 221 224 226 218 2.40 0.0703006 0.79134 10.28742 133.73646
16 13:30 0:30 13.50 220 222 221 214 2.35 0.0690107 1.177 15.8895 214.50825
17 14:00 1:00 14.00 212 215 212 207 2.28 0.0667533 1.1385 15.939 223.146
18 15:00 2:00 15.00 212 213 213 195 2.15 0.0628835 2.145 32.175 482.625
19 16:00 3:00 16.00 194 194 194 176 1.94 0.0567564 1.936 30.976 495.616
20 20:00 7:00 20.00 123 125 125 111 1.22 0.0357953 4.884 97.68 1953.6
21 24:00:00 11:00 24.00 77 77 77 64 0.70 0.0206387 2.816 67.584 1622.016
22 28:00:00 15:00 28.00 49 49 49 38 0.42 0.0122542 1.672 46.816 1310.848
23 32:00:00 19:00 32.00 30 30 30 18 0.20 0.0058046 0.792 25.344 811.008
24 36:00:00 23:00 36.00 22 23 23 11 0.12 0.0035473 0.484 17.424 627.264




SUM = 41.91 34.11 515.47 9450.576
= ((sum tA2xCxdt) / (sum Cxdt)) •■ t bar^ sig A2 = 48.695816 hrsA2 interstitial velocity (v = 1Q/nAc)
sigthetaA2 = sig A2 / 1 barA2 sigthetaA2 0.213241
v = 0.5035072 ft/hr
Dispersion coeficient
sigthetaA2 = 2D / vL D/vL = 0.1066205 dimensionless
Ds = 0.3221051 ftA2/hr
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CD in r —**1 r- î . 00 o p- o CO CM m





C M C O C O N C O N C O m c O N C O M O N N S C O M f l l O C O N D D O  
m c o c o o c o c o c o o jc o c o c o c D c o c o c D c o c o c o c o ^ c o c o o > o > c D  ^COCO<rCODCOOO^COr-CMCD©^“ CO<OCMOCO^OO^:  
' C O r t o  C O f f l C O C O l O D C O D ^ C O T - D c O t - T - i - t O r t - :  
^ ^ ■ ^ ^ l O D J r i N C O a c M n ’ C O f f l D C M C M n n ’ O 0 0 0  
tT CO T - C O O ° ^ i r c O C 0 0 ^ O D M 4 ) 0 0 lO 
CO CD CO CM CO t -  O  t -  t -
O O O o  o  o  o o  o  o  o  o
O N C D ^ O > (O O flO C M N C 4 ^ -N C O C O C O M C O O )C V iS C O C O (O C O
® O C O W r * ^ t f ) C O N C M D O M U ) 0 ) D ( O N ^ * D N N C O C OT - c o c Q t < - i n r - c o o M n c o o w o « o » n o o c o c o t ti - N C J ) t - o w T - ( o s s c o o ) < o c o a o c o o c o i o s ( o n c o^ ( M o s n c o o o M A n a x o o c o c M i n o n N D o o f ^0 ) ^ ( O O C O N C Q N S N S ( 0 ( O U ) i n i O V ^ ( 0 ( M i - 0 0 0
’- C M t- t- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0









i f l^N»-COCOi- r -DcOCOCOt- lO<OO^OlOT-inScOCO^  
^ • C O C M C O C O l D C O C O l O i n i O i n m ^ r ^ ' ^ ' C O C O C M C M T - O O O M  
1-* ^  d  o’ o’ o ' d  d  o ’ o’ d  o’ d o ’ d d  d  o ' o’ o ’ o ' o’ o ' co*
OCNCOin̂ NCOinif)TrC'jT“ CO(Dr-(J)0r-COCOO>M, COCOCOc O 0 ^ N i n i f l i f l i n t n m i n ^ ^ M , cococoNCMT-T-











N N W ^ N C O l O lO V W O O in i - C D U J T - N c o a c O D C O C O  c o c o T - r s . ^ i o m u o i n i n i n o ’ 0 * ’0 * c o c o c o c M C M T - T -
(O C O S M ’ C O C O l f t m i f l O t - D N C M O N W C O C O Q ^ 'D C O C Ococo’- M O w m o t f l w m ^ ^ ^ ^ c o c o N C M i - i -
t - C O ^ M , S ( N J 0 lO C O C M ^ C O © i“ O > 0 T - C O C O O ^ , (OCOCOc ocDr -M n in i f l in i f l i f i in T r^ Trn cococNJ N T- ^
O i
CO
o o o o o o o i n o m o i n o t n o o o o o o o o o
O  Ifl O  U) O  Ifl O  M  ifl S  O  N  (A S  O  IO O  lO O  O  O  O  O  
cm cm co’ co* O’ o* m’ m’ id  id  cd cd<b co’ Is-* co cd o i o* cm’ id* co*
3
CO
o o o o o o o o m o m o m o t n o o o o o o o o o  
O O C O O C O O C O O ^ - C O O ’ O ^ -C O O ’ O C O O C O O O O O O  
in cb cb r»’ n-’ co' ad o i o i o i o i o  o  o  o’ ^  ^  cm cm c6 o  cm in do’
i- t- t- t- t- t- ^ t- t- t- t-CMCMCMCMCMCMCMCMCM
2
o o o o o o o o o m o m o i n o m o o o o o o o o o
O O O C O O C O O c O O y C O O ’ O T ^ C O O ’ O C O O C O O O O O O


























































t  id  c




..  a .
c EE co s  co
^-CMcoo’ incor^coooT-cMcoo’ i n c D s c o o o T -c M c o o ’









































O  CO ^  < o  CO ^
co co tn  co inO  W  CO CO o




to  co to  r -  h- o> cm
CM CO N  (O N  CO NCO CO o  CO ^  CO o
S  CO 0  1-  5  CO o; CO T - r -  CO o
® <o. 5  ̂  ̂  ®. &
cm co s  in  co
CO CO CM CM
CO co co r - CO tn CO m CO CO CM <£>CO r*. CO o CO CO o> CO CO O
o CO o> CO o CO CO r̂ 00 in
o* ad GO 5 co' CO*
COCO CO COCO
r-.tn CO CM
N. CO CO CM r - CM
o CM CM CM
CO* CO* CM cm’
o
2S
O C O O )C O C O C O C O C O O )P **C O C O tO  
C O S O ) C O C O C O C O t - 0 « C O «  
O O ^ C O C O f t C O C O C D O O S  
----------‘  a  CO - 0  Q  COo ~ ^ ffl ”  
coCO CO
o
c ; m  vl> w  v  vu
CO °  r -  CM O )  t -
CM »- o  CO o ’co n  °  t -  °




O I O T “ COO)C O S CO C O fO )C M C O
C M C M ( p i - 0 O iC O i “ O 0 5 C O^ O ) O ) O C M 5 N C M 0 ^ - O O )
O O O C O C M 0 C O f ' 0 ^ ^ C O C O
C O C O C O C M t-O O O O N < O t-C M
O C O O C O C O C O C O tO tO tO lO lO
O O q O O O O O O O O O






















O C O O l O N S C O l O ^ C M f C D N
o o « o s ( o < o c o c o c o 0 c o i n i n  
o ’ o  o  o '  o '  o '  o ’ o ’ o '  o ’ o '  o '  o '
CMCOCOCOt- t- O O ) 0 N 0 t-CM0 0 (0 (0 ( 0 0 0 0 0 0 1 0

























- J  O )





0  CM r -  CM T f




§ II II ^  £






































CMCO C9 ©(M i -OO )0 N0 t - CM
0 0 0 0 0 0 0 0 0 0 0












O o O o O
O p o o O
cd GO 0>
o o o o oCO CO CO CO CO
cd a> <d oCM CM
o o O o oo o O o o
cd co d ’
**• CM CO to
O O O CO f- oo  tn o  co co o
o’ o' ̂  CM
o  o  o  o
o  o  o  o  o  oOCOOCMM’ O 
O O CM
O t- C M ( O ^ 0 0 N
*aO)J*.m


















































































































































































18 15:00 6:30 15.00 40 40 40 40 0.44 0.0405664 0.44 6.6 99
19 16.00 7:30 16.00 35 36 36 36 0.39 0.0361717 0.3923333 6.2773333 100.43733
20 20:00 11:30 20.00 17 17 17 17 0.19 0.0172407 0.748 14.96 299.2
21 24:00:00 15:30 24.00 9 9 9 9 0.10 0.0091274 0.396 9.504 228.096
22 28:00:00 19:30 28.00 4 4 4 4 0.04 0.0040566 0.176 4.928 137.984
23 32:00:00 23:30 32.00 2 2 2 2 0.02 0.0020283 0.088 2.816 90.112
24 36:00:00 3:30 36.00 23-Jan 2 2 2 2 0.02 0.0020283 0.088 3.168 114.048
SUM = 10.93 10.85 115.85 1689.3092
t barA2 = ((sum txCxdt) / (sum Cxdt))A2
sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 bar^
sigthetaA2 = sig A2 / 1 barA2
tbar = 10.68060 hrs
t b a r ^  114.0753 hrsA2
sig A2 : 41.67300 hrsA2
sigthetaA 0.365311 
2=
sigthetaA2 = 2D I vL D/vL = 0.182655 dimensionless
SFCW Bench-scale model sampling plan Ar = 3








eff. vol. = 5.544 ftA3 157.0060 L 
8





study = 72 hrs 3 days avg meas. Q 
111






sample # hrs past 24 hr time t(hrs) Q(ml/m) Absorbance
Bkgd. 0 0 0 112 2 3
1 2:00:00 14:00 2.00 1 2
2 6:00:00 18:00 6.00 30 29
3 10:00:00 22:00 10.00 60 60
Bkgd=.03
Avg. Abs. C(mic.L/L Norm.C Cxdt txCxdt tA2*C*dt
)
2 2 0.03 0.0010142 0 0 0
1 1 0.01 0.0005795 0.0293333 0.0586667 0.1173333
29 29 0.32 0.0127499 1.2906667 7.744 46.464
60 60 0.66 0.0260794 2.64 26.4 264
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22 56:00:00 22:00 56.00 21 21 21 21 0.23 0.0082407 1.848 103.488
23 64:00:00 6:00 64.00 2-Mar 14 14 14 14 0.15 0.0054938 1.232 78.848
24 72:00:00 14:00 72.00 11 11 11 11 0.12 0.0043165 0.968 69.696
SUM = 13.50 28.03 855.58
t barA2 = ((sum txCxdt) I (sum Cxdt))A2 
sig A2 = ((sum tA2xCxdt) I (sum Cxdt)) - 1 barA2 
sigthetaA2 = sig A2 / 1 barA2
sigthetaA2 = 2D / vL
t bar = 






D/vL = 0.1560146 dimensionless
SFCW Bench-scale model sampling plan Ar= 2:1
length = 6 ft HRT= 36 hrs
width = 3 ft Flow devlce:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 8.316 ftA3 235.5091 L 
2
Q = 0.231 ftA3/hr 0.028798 gpm 109.0004 ml/m
3
hrt = 36 hrs
study = 108 hrs 4.5 days







sample # time hours past t(hrs) Absorbance Avg. Abs. C(mic.L/L Normalized 
) Concentration
Cxdt txCxdt tA2*C“dt
Bkgd. 0 0 110 26 26 26 26 0.00 0 0 0 0
1 19:00 4:00 4.00 25 25 25 25 0.28 0.006922 1.1 4.4 17.6
2 V.00 10:00 10.00 19 19 19 19 0.21 0.0052607 1.254 12.54 125.4
3 7:00 16:00 16.00 16 16 16 16 0.18 0.0044301 1.056 16.896 270.336
4 13:00 22:00 22.00 140 25 25 25 25 0.28 0.006922 1.65 36.3 798.6
5 17:00 26:00:00 26.00 38 39 38 38 0.42 0.0106138 1.6866667 43.853333 1140.1867
6 19:00 28:00:00 28.00 47 48 47 47 0.52 0.0131057 1.0413333 29.157333 816.40533
7 21:00 30:00:00 30.00 53 52 53 53 0.58 0.0145824 1.1586667 34.76 1042.8
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SFCW Bench-scale model sampling plan Ar= 1:1
length = 6 ft HRT= 24 hrs
width = 6 ft Flow devlce:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 16.632 ftA3 471.01824 L
Q = 0.693 ftA3/hr 0.086394 gpm 327.001 ml/m 19.620 L/hr
29 077
hrt = 24 hrs
study = 72 hrs 400.11 hrs
585










hours past time t(hrs) Absorba Avg. Abs. C(mic.UL) Normalized Cxdt txCxdt tA2*C*dt
0 12:00 0
nee
21-Mar 2 2 3 2 0.00
Concentration
0 0 0 0
1 2:00:00 14:00 2.00 5 5 4 5 0.05 0.0024982 0.1026667 0.2053333 0.4106667
2 6:00:00 18:00 6.00 26 26 26 26 0.29 0.0139186 1.144 6.864 41.184
3 10:00:00 22:00 10.00 59 59 59 59 0.65 0.0315846 2.596 25.96 259.6
4 12:00:00 0:00 12.00 22-Mar 67 66 67 67 0.73 0.0356888 1.4666667 17.6 211.2
5 14:00:00 2:00 14.00 66 66 66 66 0.73 0.0353319 1.452 20.328 284.592
6 16:00:00 4:00 16.00 58 60 59 59 0.65 0.0315846 1.298 20.768 332.288
7 18:00:00 6:00 18.00 54 53 53 53 0.59 0.028551 1.1733333 21.12 380.16
8 20:00:00 8:00 20.00 49 49 49 49 0.54 0.0262313 1.078 21.56 431.2
9 21:00:00 9:00 21.00 48 47 46 47 0.52 0.0251606 0.517 10.857 227.997
10 22:00:00 10.00 22.00 45 45 44 45 0.49 0.0239115 0.4913333 10.809333 237.80533
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time hours t (hrs) 
past
0 0
1 14:00 4:00 4.00
2 18:00 8:00 10.00
3 22.00 12:00 16.00
4 2:00 16:00 22.00
5 4:00 18:00:00 26.00
6 6:00 20:00:00 28.00
7 8:00 22:00:00 30.00
8 10:00 24:00:00 32.00
9 12:00 26:00:00 33.00
10 14:00 28:00:00 34.00
11 16:00 30:00:00 35.00
12 17:00 31:00:00 36.00
13 18:00 32:00:00 37.00
14 19:00 33:00:00 38.00
15 20:00 34:00:00 39.00
16 22:00 36:00:00 40.00
17 0:00 38:00:00 45.00
18 4:00 42:00:00 50.00
19 8:00 46:00:00 60.00
20 12:00 50:00:00 70.00
21 22:00 60:00:00 80.00
Start date:
Start time:


























Avg. C(mic.UL) Normalized Cxdt txCxdt t,'2*C*dt
Abs. Concentration
13 13 13 0.00 0 0 0 0
9 9 9 0.10 0.0023587 0.3813333 1.5253333 6.1013333
16 16 16 0.18 0.0043545 1.056 10.56 105.6
43 43 43 0.47 0.0117028 2.838 45.408 726.528
61 61 61 0.67 0.0166017 4.026 88.572 1948.584
71 71 71 0.78 0.019414 3.1386667 81.605333 2121.7387
78 78 78 0.86 0.0212283 1.716 48.048 1345.344
78 79 79 0.87 0.0214098 1.7306667 51.92 1557.6
81 81 81 0.89 0.0220448 1.782 57.024 1824.768
85 84 85 0.93 0.0230427 0.9313333 30.734 1014.222
81 79 80 0.88 0.0218634 0.8836667 30.044667 1021.5187
73 72 73 0.80 0.0197768 0.7993333 27.976667 979.18333
69 69 69 0.76 0.0187789 0.759 27.324 983.664
68 68 68 0.75 0.0185068 0.748 27.676 1024.012
65 65 65 0.72 0.0176903 0.715 27.17 1032.46
63 62 63 0.69 0.017146 0.693 27.027 1054.053
58 58 58 0.64 0.0157852 0.638 25.52 1020.8
47 46 46 0.51 0.01261 2.5483333 114.675 5160.375
36 35 35 0.39 0.0096163 1.9433333 97.166667 4858.3333
32 32 32 0.35 0.0087091 3.52 211.2 12672
28 28 28 0.31 0.0076204 3.08 215.6 15092


















22 8:00 70:00:00 90.00 31-Mar 16 16 16 16 0.18 0.0043545 1.76 158.4 14256
23 4:00 90:00:00 100.00 1-Apr 14 14 14 14 0.15 0.0038102 1.54 154 15400
24 0:00 110:00:00 110.00 9 9 9 9 0.10 0.0024494 0.99 108.9 11979
SUM = 13.19 40.42 1844.08 111263.89
t barA2 = ((sum txCxdt) I (sum 
Cxdt))A2
sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 barA2 
sigthetaA2 = sig A2 / 1 barA2 
sigthetaA2 = 2D / vL
t bar = 








D/vL = 0.161207 dimensionless
1
interstitial velocity (v = Q/nAc)
v = 0.1666667 ft/hr
Dispersion coeficient
Ds = 0.1612071 ftA2/hr


















Ar = 1:1 
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Ds = 0.2200952 ftA2/hr
sigthetaA2 = 2D / vL D/vL = 0.293460 dimensionless
SFCW Bench-scale model sampling plan Ar = 3:4
length = 6 ft HRT = 8 hrs
width = 8 ft Flow device:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 22.176 ftA3 628.02432 L
Q = 2.772 ftA3/hr 0.345576 gpm 1308.005 ml/m 78.4803 L/h
2 1
hrt = 8 hrs
study = 24 hrs 1 days










hrs past 24 hr t(hrs) Absorban Avg. C(mic.L/L Normalized Cxdt txCxdt tA2*C*dt
time ce Abs. ) Concentration
0:00 10:00 0 14 14 13 14 0.00 0 0 0 0
1 0:30 10:30 0.5 13 14 14 14 0.15 0.0183692 0.0751667 0.0375833 0.0187917
2 1:00 11:00 1.00 15 16 16 16 0.17 0.0210573 0.0861667 0.0861667 0.0861667
3 1:30 11:30 1.50 41 41 41 41 0.45 0.0551075 0.2255 0.33825 0.507375
4 2:00 12:00 2.00 1315 66 66 66 66 0.73 0.0887097 0.363 0.726 1.452
5 2.30 12:30 2.50 81 82 81 81 0.89 0.109319 0.4473333 1.1183333 2.7958333
6 3:00 13:00 3.00 75 74 74 74 0.82 0.0999104 0.4088333 1.2265 3.6795
7 3:30 13:30 3.50 66 67 67 67 0.73 0.0896057 0.3666667 1.2833333 4.4916667
8 4:00 14:00 4.00 62 62 63 62 0.69 0.0837814 0.3428333 1.3713333 5.4853333
9 4:30 14:30 4.50 56 57 56 56 0.62 0.0757168 0.3098333 1.39425 6.274125
10 5:00 15:00 5.00 50 50 50 50 0.55 0.0672043 0.275 1.375 6.875
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sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 barA2 
sigthetaA2 = sig A2 / 1 ba r^
15 15
885 11 11
t bar = 12.79633 hrs
2
t barA2= 163.7461 hrsA2 
2



















sigthetaA2 = 2 D /vL D/vL = 0.246447 dimensionless
9
SFCW Bench-scale model sampling plan Ar = 3:4
length = 6 ft HRT = 24 hrs
width = 8 ft Flow device:peristalic pump
depth = 1 ft
n = 0.462
eff. vol. = 22.176 ftA3 628.0243 L 
2
Q = 0.924 ftA3/hr 0.115192 gpm 436.0017 ml/m 
2
hrt = 24 hrs




Rhodamine-wt vol. = 0.6280243 ml 628.0243 mic.L
Start date: 4/24/96
Start time: 12:00 Bkgd=.1
sample # hrs past 24 hr time t(hrs) Absorba Avg.
1
C(mic.L/ Normalized Cxdt txCxdt tA2*C*dt
nee Abs. L) Concentration
Bkgd. 0 12.00 0 24-Apr 10 10 10 10 0.00 0 0 0 0
1 2:00:00 14:00 2.00 445 11 11 11 11 0.12 0.004056 0.242 0.484 0.968
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SFCW Bench-scale model sampling plan Ar = 3:4
length = 6 ft HRT = 36
width = 8 ft Flow device.peristalic |
depth = 1 ft
n = 0.462
eff. vol. = 22.176 ftA3 628.0243 L
2
Q = 0.616 ftA3/hr 0.076794 gpm 290.6678
7 1
hrt = 36 hrs
study = 108 hrs 4.5 days




sample # 24 hr time hrs past t(hrs) Absorban
ce
Bkgd. 0 0 10-Apr 3
1 20:00 4:00 4.00 300 5
2 0:00 8:00 8.00 4/11/96 9
3 4:00 12:00 12.00 30
4 8:00 16:00 16.00 310 67
5 10:00 18:00:00 18.00 80
6 12:00 20:00:00 20.00 78
7 14:00 22:00:00 22.00 67
8 16:00 24:00:00 24.00 47
9 18:00 26:00:00 26.00 40
10 20:00 28:00:00 28.00 36
11 22:00 30:00:00 30.00 33
12 23:00 31:00:00 31.00 33
13 0:00 32:00:00 32.00 4/12/96 32
14 1:00 33:00:00 33.00 30




Avg. C(mic.L7 Normalized Cxdt txCxdt tA2*C*dt
Abs. L) Concentration
3 4 3 0.00 0 0 0 0
5 6 5 0.06 0.0022309 0.2346667 0.9386667 3.7546667
9 9 9 0.10 0.0037646 0.396 3.166 25.344
31 31 31 0.34 0.0128277 1.3493333 16.192 194.304
68 68 68 0.74 0.0283045 2.9773333 47.637333 762.19733
80 80 80 0.88 0.0334635 1.76 31.68 570.24
80 78 79 0.87 0.0329057 1.7306667 34.613333 692.26667
66 67 67 0.73 0.0278862 1.4666667 32.266667 709.86667
47 47 47 0.52 0.0196598 1.034 24.81(5 595.584
40 41 40 0.44 0.0168712 0.8873333 23.070667 599.83733
36 36 36 0.40 0.0150586 0.792 22.17(5 620.928
33 33 33 0.36 0.0138037 0.726 21.7(5 653.4
33 33 33 0.36 0.0138037 0.363 11.253 348.843
32 32 32 0.35 0.0133854 0.352 11.264 360.448
30 30 30 0.33 0.0125488 0.33 10.8!) 359.37
30 30 30 0.33 0.0124094 0.3263333 11.095333 377.24133
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sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 barA2 
sigthetaA2 = sig A2 / 1 ba r^  
sigthetaA2 = 2D / vL




D/vL = 0.274887 dimensionless
1
Baton Rouge Zoo Tracer Study Data
Baton Rouge Zoo Subsurface Flow Constructed Wetland Tracer Analysis 
Dispersion Number Calculation
irs) C Norm.C Cxdt txCxdt tA2*C*dt
0 0 0 0 0 0
2 0.00 0 0 0 0
5 0.01 0.0002921 0.033 0.165 0.825
8 0.01 0.0003895 0.044 0.352 2.816
11 0.07 0.0019474 0.22 2.42 26.62
13 0.15 0.0039922 0.3006667 3.90866667 50.812667
13.5 0.40 0.0107108 0.2016667 2.7225 36.75375
14 0.42 0.0111003 0.209 2.926 40.964
14.5 0.52 0.0137293 0.2585 3.74825 54.349625
15 0.58 0.015482 0.2915 4.3725 65.5875
15.5 0.68 0.018111 0.341 5.2855 81.92525
15.75 0.73 0.0193768 0.1824167 2.8730625 45.250734
16 0.79 0.0210321 0.198 3.168 50.688
16.25 0.83 0.0219085 0.20625 3.3515625 54.462891
16.5 0.84 0.0222006 0.209 3.4485 56.90025
16.75 0.80 0.0211295 0.1989167 3.33185417 55.808557
17 0.81 0.0216164 0.2035 3.4595 58.8115
17.25 0.81 0.0216164 0.2035 3.510375 60.553969
Q = 1139.0374 ftA3/hr
Ac = 144 ftA2
interstitial velocity (v = Q/nAc) 



















17.5 1.04 0.0276534 0.2603333 4.55583333 79.727083
18 1.16 0.0307692 0.5793333 10.428 187.704
18.5 1.16 0.0308666 0.5811667 10.7515833 198.90429
19 1.21 0.0321324 0.605 11.495 218.405
19.5 1.43 0.0380721 0.7168333 13.97825 272.57588
19.75 1.47 0.0390458 0.3675833 7.25977083 143.38047
20 1.43 0.0379747 0.3575 7.15 143
20.25 1.49 0.0395326 0.3721667 7.536375 152.61159
20.5 1.55 0.0410906 0.3868333 7.93008333 162.56671
20.75 1.55 0.0410906 0.3868333 8.02679167 166.55593
21 1.55 0.0412853 0.3886667 8.162 171.402
21.25 1.58 0.0419669 0.3950833 8.39552083 178.40482
21.5 1.60 0.0425511 0.4005833 8.61254167 185.16965
21.5 1.61 0.0427459 0 0 0
21.75 1.61 0.0428432 0.4033333 8.7725 190.80188
22 1.66 0.0441091 0.41525 9.1355 200.981
22.25 1.66 0.0442064 0.4161667 9.25970833 206.02851
22.5 1.66 0.0442064 0.4161667 9.36375 210.68438
22.75 1.68 0.0446933 0.42075 9.5720625 217.76442
23 1.69 0.0449854 0.4235 9.7405 224.0315
23.5 1.71 0.0452775 0.8525 20.03375 470.79313
24 1.71 0.0453749 0.8543333 20.504 492.096
24.5 1.67 0.0443038 0.8341667 20.4370833 500.70854
25 1.67 0.0444012 0.836 20.9 522.5
26 1.60 0.0425511 1.6023333 41.6606667 1083.1773
27 1.50 0.0399221 1.5033333 40.59 1095.93
28 1.44 0.0381694 1.4373333 40.2453333 1126.8693
30 1.14 0.0302824 2.2806667 68.42 2052.6
33 0.99 0.0262902 2.97 98.01 3234.33
36 0.91 0.0242454 2.739 98.604 3549.744
40 0.69 0.0183057 2.7573333 110.293333 4411.7333
44 0.55 0.014703 2.2146667 97.4453333 4287.5947





















Sum = 54.71 37.66 1180.72 42806.79
57 0.28 0.0073028 1.925 109.725
62 0.20 0.005258 0.99 61.38
140.5 0.00 0 0 0
t bar*2 = ((sum txCxdt) / (sum Cxdt))A2 t b a r^  =
t bar =
sig A2 = ((sum tA2xCxdt) / (sum Cxdt)) - 1 barA2 sig A2 =
sigthetaA2 = sig A2 11 barA2 sigthetaA2=
sigthetaA2 = 2D / vL D/vL =
Carville Tracer Study Data
Carville Subsurface Flow Constructed Wetland Tracer Analysis 
Dispersion Number Calculation
Time (hrs) C Norm.C Cxdt txCxdt tA2*C*dt
0 0 0 0 0 0
4.0 0.00 0 0.00 0 0
8.0 0.03 0.0014202 0.13 1.056 8.448
12.0 0.74 0.0318763 2.96 35.552 426.624
16.0 1.34 0.057756 5.37 85.888 1374.208
20.0 1.05 0.0452896 4.21 84.186667 1683.73333
24.0 0.65 0.028089 2.61 62.656 1503.744
28.0 0.44 0.0189364 1.76 49.28 1379.84
32.0 0.32 0.0135711 1.26 40.362667 1291.60533
34.0 0.27 0.0116774 0.54 18.450667 627.322667






Q = 18.4 2.459893 ftA3/m
n = 0.446
Ac = 104 ftA2
v = Q / nAc
v=  3.181193 ft/hr
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Longitudinal dispersion vs flow rate 













Longitudinal dispersion vs flow rate 
Aspect Ratio = 3:1
Q (ml/m) D/vL HRT hrs
72.66695 70 0.153587 36
109.0004 111 0.172955 24
218.0009 218.0009 0.182656 12
436.0017 435 0.345031 6
Longitudinal dispersion vs flow rate 















Longitudinal dispersion vs flow rate 
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Longitudinal dispersion vs flow rate







Longitudinal dispersion vs aspect ratio 
Q = 35-100 ml/min
Ar D/vL Q(ml/m) Width(ft)
6 0.14904 35.9575 1
6 0.195707 54.50022 1
3 0.153587 72.66695 2
2 0.125307 81.75032 3
Longitudinal dispersion vs aspect ratio
Q = 109 ml/min
Ar D/vL Q(ml/m) Width(ft)
6 0.10662 109 1
3 0.172955 109.0004 2
2 0.125765 109.0004 3
Longitudinal dispersion vs aspect ratio
Q = 163-218 ml/min
Ar D/vL Q(ml/m) Width(ft)
6 0.183341 230 1
3 0.182656 218.0009 2
2 0.156015 163.5006 3
1 0.29346 163.5006 6
1 0.161207 218.0009 6
0.75 0.274887 218.0009 8
Longitudinal dispersion vs aspect ratio 




















Longitudinal dispersion vs aspect ratio 
Q = 600-872 ml/min
Ar D/vL Q(ml/m) Width(ft)
2 0.299578 654.0026 3
1 0.199557 654.0026 6
0.75 0.246448 872.0034 8
Longitudinal dispersion vs aspect ratio 
Q = 1300 ml/min
Ar D/vL Q(ml/m) Width(ft)
2 0.265738 1308.005 3
1 0.219094 1308.005 6
0.75 0.235532 1308.005 8
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Mixing-cell concept solution Q = 100 mA3/d n = 0.38 d = 0.61 m
solving for n assume W= 14.3 m assume L= 39.8 m
v = 30.16828 m/d 4.122998 ft/hr HRT = 1.319267 days
find D/vL = 0.145713 Ds = 174.9575 mA2/d 31.6624 hrs
Kt = 0.5815 t(1+KKt)K= 3.182488
K = 0.384469
Term 1 Term 2 Term 3 Sum Term 4
C/Co n n-1 i il 1/i!
0.1 4.7 3.7 0 1 1 0.041482 1 0.041482 0.387388
1 1 1 0.041482 3.182488 0.132017
2 2 0.5 0.041482 10.12823 0.210071
3 6 0.166667 0.041482 32.23298 0.22285
4 24 0.041667 0.041482 102.5811 0.177304
5 120 0.008333 0.041482 326.4631 0.112854
6 720 0.001389 0.041482 1038.965 0.059859
sum = 0.60642
frac. n = 0.7 0.730533
Calculate new HRT C/co = 0.104388
dx=2Ds/vdx = 11.59877 m
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Rank 1 Eqn 8001 [UOF1] y=Levenspiel(a)









t t ie ta
Figure 1: Ar=6:1, Q=13.2 L/hr
R a n k l Eqn 8001 [UDF 1] y-Levenspiel(a) 
((■0.75786664 OF M |  r  2-0 .7473391 F itSW EreO .22633092 F tta t> 75  11893 







Figure 2: Ar=6:1, Q=6.5 L/hr
Rank 1 Eqn 8001 [UDF 1] y=levenspiel(a) 
(2=0.49513219 OF Ad| F a0.47320226 F itS td E feO .19839951 F ta t» 2 3  539079 












Figure 3: Ar=6:1, Q=3.3 L/hr
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Figure 4: Ar=6:1, Q -2 .2  U hr
Rank 1 Eqn 8001 [UDF 1] y=Lovenspiel(a) 








Figure 5: Ar=3:1, Q=52.3 L/hr
Rank 1 Eqn 8001 [UDF 1] y-Levenspiel(a) 
1 -2 -0 .5 1 6 6 1 7 0 7  D F  M f  r - 2 - 0 .49 56 00 42  F 4 S M E n -0 .15 984308 F s U I-2 5  650076 






Figure 6: Ar=3:1, Q=26.2 L/hr
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Figure 7: Ar=3:1, Q=13.1 L/hr
R a n k l Eqn 8001 [UDF 1]y=Levenspief(a) 
f -2 -0 .7 2 5 1 7 7 6 9  D F Adj ( -2 -0 .7 1 8 2 2 8 8 9  F 4S ldE (7-0 .142578 l9  F s ta P « 3 .8 2 9 1 M  












Figure 8: Ar=3:1, Q=6.5 L/hr
Rank 1 Eqn 8001 (UDF 1] y=Levensp<el(a)
( - 2 - 0  49078201 O F A d| ( - 2 - 0  4 6 8 6 2 1 2 2  F 4 S td B r-0 .2 1 9 9 8 7 9  F n a l - 2 3 .129241 











Figure 9: Ar=3:1, Q=4.4 L/hr
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Figure 10: Ar=2:1, Q=78.5L/hr
R a n k l Eqn 8001 [UDF 1] y=levenspie[(a) 
r K 060275244 D F A < (|'2 -0 .0 1 9 4 2 0 7 7 7  F 4 S U & I-O J 1 7 1 1 2 2 7  F « « f 1 5 39 47 47  






Figure 11: Ar=2:1, Q=39.2 L/hr
R a n k l E q n 8001 [UDF 1]y=Levenspiel(a)








Figure 12: Ar=2:1, Q= 19.6L/hr
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Rank 1 Eqn 8001 [UDF 1] y=Levenspiel(a)
1*2*0 .72517789 D F A d | 1*2*0 .71322889 F itS U E n *0 .14 2S 73 <8  F < M < < 3 J2 9 1 5 4  










Figure 13: Ar=2:1, Q= 9.8 L/hr
Rank 1 Eqn 8001 [UDF 1] y*Leverupiel(a)
1 *2 *0  8 9 1 9 2 5 7 7  D F A 0 | 1 *2 *0  8 7 85 31 24  F 4 S M B l* 0 .1 8 4 7 0 4 7 4  F j t a t * 53 .9 03 30 4  







Figure 14: Ar=2:1, Q=6.5 L/hr
Rank 1 Eqn 8001 [UDF 1[ y=Levenspiel(a) 
1*2*0.5500401 OF A0| 1*2*0 .53047662 F 4 S ld B r-0  1347384 F < M -2 9  338088 









Figure 15: Ar=2:1, Q= 4.9 L/hr
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Rank 1 Eqn 8001 (UDF 1] y=Levenspiel(a) 
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Figure 16: Ar=1:1, Q= 78.5L/hr
R a n k  1 E q n  8 0 0 1  [U D F  1 ] y = L e v e n s p ie < ( a )  
r *2 » 0 .5 9 24 99 33  OF A d j f * 2 *0 .5 74 78 19 1  F * S M & t* 0 .17 69 77 15  F s U t» 3 4 .8 9 5 fi0 9  






Figure 17: Ar=1:1, Q= 39.2 l_/hr
R a n k  1 E q n  8 0 0 1  [U D F  1 ] y = L e v e n s p ie l ( a )  
1 *2 *0 .4 6 6 3 1 0 6 5  OF A d | 1* 2 * 0  44 310678 F < S ia E n *0 .2 0 4 4 9 5 6  F « it*2 0 .0 6 9 S 8 1  











Figure 18: Ar=1:1, Q= 19.6L/hr
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Figure 19: Ar=1:1, Q= 13.1L/hr
R a n k l Eqn 8001 [UOF lJy=Wang(a) 
r*2 » 0 .4 l5 3 8 0 0 2  D F  A d j r *2»0-38996176  FrtS ld& r«0.0050395422 F«tat> t7 .0S 2309 

















Figure 20: Ar=1:1, Q= 9.8L/hr
Rank 1 Eqn 8001 [UDF 1] y=Levenspiel(a) 
1*2 4 .3 9 1 0 2 4 7 9  D F A d j ( *2 *0 3 0 3 0 3 0 8 3  F itS td & i4 .1 9 9 8 3 9 0 6  F ttM .1 0  052575 
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Figure 21: Ar=3:4, Q=52.3
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1*2*4 .38602153 O F  A d| r *2*0 .35932S81 F ttS W & i*O i3 3 5 7 3 3 3  F « w 15.089319 





Figure 22: Ar=3:4, Q= 26.2L/hr
R a n k  1 E q n  8001 [U D F  1 |y * le v e n s p ie l ( a )  
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Figure 23: Ar=3:4, Q= 17.4Uhr
R a n k  1 E q n  80 01  [U D F  I I  y * le v e n s p ie J (a )  







Figure 24: Carville tracer study
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Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
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Figure 25: Ar=6:1, Q=26.2 L/hr, n=3
Rank 1 Eqn 8 0 0 1  [U D F  1 ] y=wang(a) 
r2 *0 .71 69 31 05  O F  A d p *0 .7 0 4 « 2 3 7  F < S U E rr*0 .0 2 0 8 7 2 9 7 8  F tta t*6 0 .7 6 4 9 9 f l 












Figure 26: Ar=6:1, Q=13.2 Uhr, n=3
R a n k l Eqn 8001 [U D F  1]y=Wang(a) 
r2 *0 .63 42 96 55  O F A d j * *0 .6 1 6 3 9 6 4 9  F 4 S M E n *0  0 2 37 24 74 8  F a ta i-4 1  62 7 3 0 3  













Figure 27: Ar=6:1, Q=13.2 L/hr, n=4
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Figure 28: Ar=6:1, Q=6.5 Uhr, n=6
R a n k l E q n 8001 (UOF 1]y=Wang(a) 
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Figure 29: Ar=6:1, Q=6.5 L/hr, n=7
R a n k l E q n 8001 (UDF 1]y=W8ng(a) 
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Figure 30: Ar=6:1, Q=6.5 L/hr, n=8
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R a n k l E qn8001 (UDF 1 ]y=Wang(a) 
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Figure 31: Ar=6:1, Q=3.3 L/hr, n -2
R a n k l E q n 0001 [UDF 1 )y=Wang(a)
r*«0 .92160919 O F A d i ^ *0 .9 1 8 2 0 0 9 9  F rtS U E /r-00 02 71 41 89 3  F t t* f2 8 2 .1 5 « 3 2
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Figure 32: Ar=6:1, Q=3.3 L/hr, n-3
R a n k l E q n 8001 [UDF 11y=Wang(a) 
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Figure 33: Ar=6:1, Q=3.3 L/hr, n=4
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R a n k l E qn8001 (U O Fl]y=W ang(a) 
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Figure 34: Ar=6:1, Q=2.2 L/hr, n=2
R a n k l Eqn 8001 (UDF lJy=Wang(a)
r2*0 .98198183 O F  A d j £ *0 .98119844 RtStoJErr-0 00093750637 F « tit*13 07 .98 91  
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Figure 35: Ar=6:1, Q=2.2 L/hr, n=3
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 36: Ar=6:1, Q=2.2 L/hr, n=4
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R a n k l E q n 8001 [UOF 1 ]y=Wang(a) 
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Figure 37: Ar=3:1, Q=52.3 L/hr, n=5
R a n k l E q n 8001 [U O F l]y =W an g (a )
^ 2 *0 .9 7 4 7 0 3 4  OF A d j r*2 *0 .97355355 F itS U & r*a .0 1 7 S 7 6 7 0 4  F * t» fW 6 .21304 








0 .2 5 -
0.2-
0 .1 5 -
a
i  01 •O
Z
0 .0 5 -
t (h r s )
Figure 38: Ar=3:1, Q=52.3 L/hr, n=6
R a n k l E q n 8001 [UDF 1]y=w ang(a)
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Figure 39: Ar=3:1, Q=52.3 L/hr, n=7
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Figure 40: Ar=3:1, Q=26.2 L/hr, n=2
R a n k l E q n 8001 (UOF 1 ]y=Wang(a) 
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Figure 41: Ar=3:1, Q=26.2 L/hr, n=3
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R a n k l E qn8001 [UDFlJy=W &ng(3)
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Figure 42: Ar=3:1, Q= 13.1 L/hr, n=2
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 43: Ar=3:1, Q= 13.1 L/hr, n=3
Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
r- 2 *0 .7 7 1 3 8 3 7 7  O F  A d | (*2 *0 .7 6 1 4 2 3 0 6  F 4 S W E rr*0 .01 12 87 3  F s ta t*8 0  9 7024 
• *1 1 .1 2 6 0 1 8
0 .0 8
0 .0 7c0
1  0 .0 6
§  0 .0 5  
oo
tj 0 .0 4oa




Figure 44: Ar=3:1, Q= 13.1 L/hr, n=4
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Figure 45: Ar=3:1, Q= 6.5L/hr, n=3
Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
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Figure 46: Ar=3:1, Q= 6.5L/hr, n=4
R a n k l E qn8001 [UDF 1 ]y=Wang(a) 
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Figure 47: Ar=3:1, Q=4.4 L/hr, n=3
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Figure 48: Ar=3:1, Q=4.4 L/hr, n=4
R a n k l E q n 8001 [UDF 1 )y=Wang(a) 
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Figure 49: Ar=2:1, Q=78.5 Uhr, n=2
R a n k l E q n 8001 [U DF1]y=W ang(a)
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Figure 50: Ar=2:1, Q=78.5 L/hr, n=3
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Figure 51: Ar=2:1, Q=78.5 L/hr, n=4
Rank 1 Eqn 8001 [U DF 1] y=W3ng(a)
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Figure 52: Ar=2:1, Q= 39.2 L/hr, n=2
R a n k  1 E q n  8 0 0 1  [U D F  1 ] y * W a n g ( a )  
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Figure 53: Ar=2:1, Q= 39.2 L/hr, n=3
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Figure 54: Ar=2:1, Q= 19.6 L/hr, n=3
Rank 1 Eqn 8001 (U DF 1| y=Wang(a)
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Figure 55: Ar=2:1, Q=19.6 L/hr, n=4
Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
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Figure 56: Ar=2:1, Q=19.6 L/hr, n=5
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Figure 57: Ar=2:1, Q= 9.8 L/hr, n=3
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 58: Ar=2:1, Q=9.8 L/hr, n=4
R a n k l E q n 8001 [UDF 1] y=Wang(a)
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Figure 59: Ar=2:1, Q=9.8 L/hr, n=5
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Figure 60: Ar=2:1, Q= 6.5 L/hr, n-4
R a n k l E q n 8001 (UOFlly=V\teng(a) 
r -2 » 0 .W g 7 2 M l D F A d j r *2 *0 .6 64 93 42  R tS tdE ir*0 .00 l8 77 15 51  F ita t -1 9 3  644&5 
*•5 4 .4 3 9 8 3 3
0.02
0 .0 1 7 5c0
1  0 .0 1 5
c
§  0 .0 1 2 5
o  o■DJD
|  0 .0 0 7 5
2  0 .0 0 5
0.01
0 .0 0 2 5
1 25
t (h rs )
Figure 61: Ar=2:1, Q=6.5 Uhr, n=5
R a n k l E q n 8001 [UDF 1]y=Wang(a) 
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Figure 62: Ar=2:1, Q=6.5 L/hr, n=6
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r2« 0.B 80S 291S  D F  A d j f*2»0 .875334J F4S td& T-0 .017536031 F s tIt"1 7 6 .6 S 5 6 8
••5 .8 5 1 1 8 3 3
0 .1 5 -C  o
<5
s  0 .1 2 5 -
8C 0.1oo■D
S  0 .0 7 5 -  
a
0 .0 5 -o
Z
0 .0 2 5 -
t(h rs )
Figure 63: Ar=1:1, Q= 78.5 L/hr, n=3
Rank 1 Eqn 8001 [UDF 1] y=War»g(a) 
r *2 « 0 .8 2 9 3 l7 3  O F  A d j r*2 « 0 .8 2 1 8 9 8 3 2  F < S td E n *0 .0 2 1 07 9 7 3 7  F s ta t* 1 16 .0 11 79  
1 *5 .5 91 83 35
0 .1 7 5
0 .1 5 -  
0 .1 2 5 -  
0.1 
0 .0 7 5 -  
0 .0 5  
0 .0 2 5 -  
0
Figure 64: Ar=1:1, Q=78.5 L/hr, n=4
R a n k l E q n 8001 [U O Fl]y=W an g(a )
r*2 a0.67064014 D F  A d | r2 ^ .6 5 8 3 2 0 1 4  FHSW &T-0.02928234 F s ts tM B  866624 
• • 5  435144
0 .1 7 5
0 .1 5 -c
o
5





0 .0 7 5 -
0 .0 5 -
0 .0 2 5 -
t(h rs )
Figure 65: Ar=1:1, Q=78.5 L/hr, n=5
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R a n k l E q n 8001 [UOF 1 ]y=Wang(a)
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Figure 66: Ar=1:1, Q= 39.2 U hr, n=2
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 67: Ar=1:1, Q=39.2 Uhr, n=3
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R a n k l E qn8001 [U O Fl)y=W dng(a) 
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Figure 68: Ar=1:1, Q=19.6 L/hr, n=2
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 69 Ar=1:1, Q=19.6 L/hr, n=3
Rank 1 Eqn 8001 [UOF 1] y=Wang(a) 
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Figure 70: Ar=1:1, Q=19.6 L/hr, n=4
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Rank 1 Eqn 8001 (UOF 1] y=Wang(a) 
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Figure 71: Ar=1:1, Q=13.1 L/hr, n=3
Rank 1 Eqn 6001 [UOF 1] y=Wang(a) 
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Figure 72: Ar=1:1, Q=13.1 L/hr, n=4
R a n k l E q n 8001 [U D FlJy=W ang(a) 
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Figure 73: Ar=1:1, Q=13.1 L/hr, n=5
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R a n k l E q n 8001 [UDF 1[y=V\fang(a)
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Figure 74: Ar=1:1, Q=9.2 L/hr, n=2
Rank 1 Eqn 8001 [UDF 1] y=Wang(a)
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Figure 75: Ar=1:1, Q=9.8 L/hr, n=3
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R a n k l E qn8001 (UDF 1 ]y=Wang(a)
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Figure 76: Ar=3:4, Q=78.5 L/hr, n=2
Rank 1 Eqn 8001 [UOF 1) y=Wang(a)
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Figure 77: Ar=3:4, Q= 52.3 Uhr, n=2
R a n k l E qn8001 (UDF 1] y=Wang(a)
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Figure 78: Ar=3:4, Q=52.3 L/hr, n=3
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R a n k l E qn8001 [UOF 1 ]y=Wang(a) 
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Figure 79: Ar=3:4, Q=26.2 L/hr, n=2
Rank 1 Eqn 8001 (UOF 1) y=Wang(a) 





Figure 80: Ar=3:4, Q=26.2 L/hr, n=3
R a n k l Eqn0001 [UDF 1[y=Wang(a) 
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Figure 81: Ar=3:4, Q=26.2 L/hr, n=4
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Rank 1 Eqn 6001 [UOF 1] y=Wang(a)


















Figure 82: Ar=3:4, Q=17.4 L/hr, n=3
R a n k l E qn8001 [UDF 1 ]y=Wang(a) 

















Figure 83: Ar=3:4, Q=17.4 L/hr, n=4
R a n k l Eqn8001 [UDF 1Jy=Wang(a) 
f * 2 *0 .0 1 8 0 4 0 3 0 4  D F  A d| r - 2 * 0  F«S tdE fT *0 .00897646C 9 F s t* t» 0  44 09 21 65  
■*25 .87 11 48
0.04














Figure 84: Ar=3:4, Q=17.4 L/hr, n=5
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R a n k l E q n 8001 [UDF 1 ]y=Wang(a) 
f*2 *0 .S 6 25 46 59  O F  A d | ( *2 *0 .5 4 3 5 2 6 8 8  F tS td & T *0 .0 0 3 8 8 9 0 8 5 3  F s ta t*3 0 .862986












t (h r e )
Figure 85: Ar=3:4, Q=13.1 L/hr, n=2
R a n k l E q n 8001 [UDF 1 ]y=wang(a)
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Figure 86: Ar=3:4, Q=13.1 L/hr, n=3
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Figure 87: Baton Rouge Zoo tracer study, n=8
Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
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Figure 88: Baton Rouge Zoo tracer study, n=9
Rank 1 Eqn 8001 [UDF 1] y=Wang(a) 
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Figure 89: Baton Rouge Zoo tracer study, n=10
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R a n k l Eqn 8001 (UDF 1)ysWang(a) 
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Figure 90: Carville tracer study, n=5
R a n k l E qn8001 [UDF 1 ]y=Wang(a)















Figure 91: Carville tracer study, n=6
R a n k l E qn8001 [U O Flly=W ang(a)
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Figure 92: Carville tracer study, n=7
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